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ABSTRACT 


Cold low tests of a four nozzle eductor system were 
conducted to evaluate the effects of certain geometric 
parameters on eductor performance.  Eductor performance 
was related to non-dimensional parameters governing the 
flow phenomenon developed from a one-dimensional analysis 
of a simple eductor system based on conservation of 
momentum for an incompressible gas. An experimental 
correlation of these parameters was developed and used to 
determine the effects of several geometric parameters on 
eductor performance. The geometries tested consisted of: 
two mixing stack lengths, 2 and 3 mixing stack diameters 
long; varying the distance between the primary nozzle exit 
plane and the entrance to the mixing stack; and addition 
Of a conical transition to the entrance of the constant 
cross section part of the mixing stack. Within the range 
Of variables tested, the longer mixing stack with a distance 
between the primary nozzle exit plane and the entrance to 
the mixing stack of about 0.5 mixing stack diameters 
without an entrance transition gave the best overall 


performance. 
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Pee Ne RODU CT TON 


Multiple nozzle eductor systems are receiving increased 
interest for various marine and aviation applications. The 
subject of this investigation is the application of multi- 
ple nozzle eductor systems for cooling the exhaust gas 
from gas turbine powered ships. This research is an 
extension of the work reported by Lt. Charles R. Ellin mg 
Whereas Ellin's work dealt with specific existing and 
proposed shipboard systems, this investigation is con- 
cerned with the effects of certain geometric parameters on 
the overall performance of multiple nozzle eductor systems 
in general. 

For the purpose of this investigation the exhaust gas 
eductor system illustrated schematically in Figure 1l, is 
defined as the portion of the uptake which discharges the 
exhaust gas (called the primary flow) through four nozzles 
iEorimary flow nozzles) into a mixing stack of constant 
cross sectional area. The purpose of the eductor system 
1s to induce cooler ambient air (secondary air) into the 
mixing stack to mix with and cool the primary gas flow 


before it leaves the end of the mixing stack. 


Numbers in brackets correspond to the reference numbers 
in the list of references. 


ща 





The geometric parameters varied in this investigation 
were: the length of the mixing stack; the distance between 
the primary flow nozzle exit and the mixing stack or 
conical transition entrance; and the addition of an entrance 
transition to the mixing stack. The number and size of the 
primary flow nozzles was held constant throughout these 
tests. Ellin established the effects of changing the 
mixing stack area to primary air flow area ratio and changing 
the number of primary nozzles on the performance of multiple 
nozzle eductor systems. 

The total performance of an eductor system involves the 
degree of mixing as well as the amount of secondary air 
inducted into the system. The experimental technique to 
determine the ambient air flow rate is first to establish 
the pumping characteristics of the eductor system. The 
use of any restrictive type measuring devices for determining 
the secondary flow rate was avoided because the eductor is 
very sensitive to secondary alr flow restrictions. The 
secondary air flow was regulated by means external to the 
eductor so as not to disrupt the flow patterns. The pumping 
characteristic curve thus obtained was then extrapolated 
to determine its operating pumping coefficients. 

A one-dimensional flow analysis of a single nozzle 
eductor system, as a unit, facilitates determination of the 
non-dimensional parameters which govern the flow phenomenon. 
An experimental correlation of these non-dimensional 


parameters is then developed and used in evaluating eductor 
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performance and demonstrating geometric parameter variation 
effects on performance. 

The degree of mixing is evident in several ways. First, 
it is indicated by the degree of momentum transfer from 
the high velocity exhaust gas to the lower velocity induced 
ambient air and in the degree of energy transfer from the 
high temperature exhaust gas to the lower temperature 
w ced ambient air. In this highly turbulent mixing 
process, the mechanisms for momentum transfer and energy 
transfer are similar. Considerable insight into the degree 
of cooling can therefore be gained from the knowledge of 
the degree of momentum mixing. A momentum correction factor 
can be calculated based on the velocity profiles at the 
mixing stack exit and was used as one measure of the degree 
of mixing. A second measure of the degree of mixing is the 
ratio of the peak to average velocities, which by the 
reasoning above, also reflects the peak to average temperature 


Ratios. 
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Bei ZERTESEZTUREESURVEY 


Little literature is available on multiple nozzle 
eductor systems. Ellin [l] provides some research of 
practical importance on multiple nozzle eductor systems for 
use on gas turbine powered ships. He conducted cold flow 
model tests of multiple nozzle exhaust gas eductor systems 
with constant area mixing stacks to evaluate the effects of 
several geometric configurations on eductor performance. 

A one dimensional analysis from Pucci [2] of a simple educ- 
tor system based on conservation of momentum for an incom- 
pressible gas was used in determining the non-dimensional 
parameters governing the flow phenomenon.  Eductor perfor- 
mance was defined in terms of these parameters. Three basic 
eductor configurations were tested by Ellin [1] vith mixing 
Stack length to diameter ratios, L/D, between 2.3 and 2.8, 
mixing stack to primary nozzle area ratios, Aa Ee ranging 
mm 2.28 to 3.03, primary nozzle exit Mach numbers from 
0.07 to 0.265, and primary nozzle combinations of three, 
four, and five nozzles each. Within the range of variables 
considered the mixing stack area to primary nozzle area 
ratio and the resistance to secondary air flow into the 
eductor had the most influence on eductor performance. 

A Society of Automotive Engineers report [3] identifies 
basic eductor equations through the analysis of an eductor 


System used to cool an engine nacelle. The approach taken 
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was to treat the eductor system as a unit, concentrating 
on the overall flow phenomenon rather than the details of 
the mixing process within the mixing tube. R.S. Darling 
[4] combined a computer solution of the equations developed 
in reference [3] with experimental data to demonstrate the 
feasibility of using a single nozzle eductor system on 
naval ship stacks to cool gas turbine exhaust gases. The 
ШЕ c c considered were confined to mixing stack L/D < 1.6, 
mixing stack area to primary nozzle area ratios from 1.53 
to 2.34 and uptake area to primary nozzle area ratios from 
1.0 to 1.5. Darling's study demonstrates that an increase 
in mixing stack area to primary nozzle area ratio results 
in an increased secondary flow rate, a trend that is verified 
ДЕ та [1]. ТЕ also indicates that a single nozzle eductor 
System, for the range of area ratios tested and at a primary 
flow rate equivalent to that used here, produces little or 
no secondary flow at secondary air pressures equal to or 
less than atmospheric. For an eductor system utilized 
aboard ship to cool gas turbine exhaust gases, such secondary 
air pressures are encountered.  R.S. Darling also tested 
two multiple-eductor systems, not to be confused with multiple- 
nozzle eductor systems, which showed a slight increase in 
pumping over a single eductor system but at the expense of 
a considerable weight increase. 

Pucci [2] improved upon the one-dimensional analysis of 


a single nozzle eductor system with a constant area mixing 
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stack by combining a one-dimensional flow analysis with an 
experimentally determined momentum correction factor. 

He demonstrated that the performance of an eductor is 
dependent upon the completeness of mixing of primary and 
secondary flows which is a function of mixing stack length, 
mixing stack area to primary nozzle area ratio and secondary 
to primary flow rate ratio. 

A review and bibliography on jet pump and ejector tech- 
nology was prepared and published by the British Hydro- 
dynamics Research Association, Fluid Engineering Division 
[5]. It 1s based on the association's own records of published 
literature in this area, records which have been maintained 
over a period of some 30 years, supplemented by the outcome 
of some additional literature searching. The short review 
section describes many of the variety of uses for jet pumps 
and ejectors. The review section is followed by a bibliography 
of some 400 references arranged chronologically with abstracts. 
The bibliography is in turn followed by subject and author 
indexes. The following references, [6] through [14], were 
Mina from this bibliography. 

Mes anda Kar 16] of the Indian Institute of Technology, 
India, experimented with a single nozzle configuration with 
no entrance transition to the mixing stack. Their results 
showed the pumping, as defined by the secondary to primary 
air flow ratio, is independent of primary flow Reynolds 
number for Reynolds numbers greater than Del The 


Reynolds number, Vd/v, was based on the velocity and diameter 
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of the primary flow uptake (where V is the velocity and d 
is the diameter and v is the kinematic viscosity). This 
independence of pumping on Reynolds number was found by 
other investigators including Ricou and Spalding [7]. 
Vyas and Kar [6] also found the pumping increased as the 
mixing chamber to primary nozzle area ratio increased. 

An extension of the investigation reported by Pucci 
ШІ “ас conducted by Mitchell [8]. Mitchell empirically 
demonstrated a correlation of eductor performance similar 
to that used by Ellin [1]. He found that with a nozzle 
type entrance region to the mixing stack, an optimum pumping 
occured when the primary nozzle exit plane was located at 
about one mixing stack diameter upstream from the entrance 
to the constant area section of the mixing stack. 

Another study of the optimum distance between the 
primary flow nozzle and the mixing stack for the single 
nozzle case was performed by Putilov [9]. He found, like 
Mitchell, that removal of the nozzle from the initial section 
of the cylindrical mixing chamber led to an increase in the 
pumping performance. However, the latter only increased on 
moving the nozzle a certain specific distance, after which 
it remained fairly constan. On further movement of the 
nozzle, the pumping coefficient fell abruptly as the 
primary jet expanded past the diameter of the mixing 
chamber. Putilov also concluded from experimental work 


that the optimum distance of the nozzle from the mixing 
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chamber is a function of the primary nozzle to the mixing 
chamber area ratio. Both Mitchell and Putilov's conclusions 
were based on experimental findings with geometries and flow 
rates similar to the elliptical transition, single nozzle 
experimentation of Harrell [10] which will be discussed in 
correlation with the results of this investigation. 

Fabris and Fejer [11] performed a study that dealt with 
the transfer of kinetic energy from an array of primary jets 
to a surrounding secondary stream. They explored the basic 
features of such flows and examined to what extent the 
results of single nozzle research may be applied to multiple 
nozzle configurations. They present an analytical technique 
for estimating the performance of multiple nozzles and 
examined in a special test facility the validity of the 
assumptions used in their analysis. Their test configuration 
consisted of a hexagonal array of 3l primary nozzles of 
ООШ ОЛО О 5 inch) ID in a 30.48 cm (12 inch) ID mixing 
chamber. The analysis made use of an integral momentum 
с уг15 from Abramovich [12]. The conclusions of their 
investigation were: 

(a) A confined multiple jet with a hexagonal array 
behaved not unlike individual coaxial mixing 
regions with frictionless walls. 

(5) The length of the mixing regions of a multiple 
nozzle was significantly shortened compared to the 


length of the equivalent coaxial single nozzle. 
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(c) The mixing efficiency of a multiple nozzle 

exceeded the efficiency of the equivalent single 
nozzle by a significant amount. 

Arbel and Manheimer-Timnat [13] calculated the perfor- 
mance of multiple nozzle eductors by means of a model using 
an equivalent single nozzle device. The flow in the equi- 
valent eductor was described by a system of integro-differential 
equations, obtained under a set of appropriate assumptions. 
They devised a computer program for the solution of the 
equations and compared their results for single nozzle 
eductors with various experimental results including 
Mikhail [14]. Pressure distributions obtained by the use 
of their program gave good agreement with the experimental 
results of Mikhail. Primary to secondary air flow ratios 
deviated from the experimental values by about seven percent 
for the case selected. Additional results were presented 
to demonstrate the capability of analyzing a multiple nozzle 


system by reducing it to an equivalent single nozzle system. 
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ІТІ. THEORY AND ANALYSIS 


As previously stated, this investigation is almost 
emsextension of the work by Ellin [1], differing in that 
no specific prototype modeling was done. Similarity between 
the basic geometry tested by Ellin [1] was maintained in 
order to correlate data with others. The dimensionless 
groupings controlling the flow phenomenon used by Ellin 
[1] were also used in this investigation along with the 
basic means of data analysis and presentation. Dynamic 
similarity was maintained by using Mach number similarity 


to establish the model's primary flow rate. 


ERES MODELING TECHNIQUE 

Ellin [1] maintained dynamic similarity between the 
model and prototype by duplicating the flow while accounting 
for the differences in fluid properties arising from the 
use of air at or near ambient temperature in place of hot 
exhaust gas for the primary flow. For the region of flow 
velocities considered, the state of the primary flow through- 
out the eductor is turbulent (Ro = ШЫ! Consequently, 
momentum exchange is predominant over shear interaction 
and the kinetic and internal energy terms are more influ- 
ential on the flow than are viscous forces. Mach number 
can be shown to represent the ratio of kinetic energy of 
a flow to its internal energy, and is a more significant 


parameter than Reynolds number in describing the primary 


ЭД 





flow through the uptake. Similarity of Mach number was 
therefore used to model the primary flow. 

While not exactly modeling a specific prototype, the 
basic dimensions of the model used in this investigation 
were kept to a reasonable scale of exhaust gas eductor 


systems in use on gas turbine powered ships. 


В. ONE-DIMENSIONAL ANALYSIS OF A SIMPLE EDUCTOR 

The theoretical analysis of an eductor may be approached 
in two ways. One method attempts to analyze the details of 
the mixing process of the primary and secondary air streams 
which takes place inside the mixing stack and thereby 
determines the parameters which describe the flow. This 
requires an interpretation of the mixing phenomenon, which, 
when applied to multiple nozzle systems, becomes extremely 
complex. The method employed here analyzes the overall 
performance of the eductor system as a unit. Since details 
of the mixing process are not considered in this method, 
an analysis of the simple single nozzle eductor system shown 
in Figure 2 leads to a determination of the dimensionless 
groupings governing the flow. This one-dimensional analysis 
follows very closely that of references [1] and [2], the 
details of which are included in Appendix A of reference [1]. 

The driving or primary fluid, flowing at a rate Wo and 
at a velocity Up’ discharges into the throat of the mixing- 
tube, inducing a secondary flow rate of We at velocity Us. 
The primary and secondary flows are mixed and leave the 
mixing-tube at a flow rate of Wa and a bulk-averaged velocity 


ЕБ U. 
m 





The one-dimensional flow analysis of the simple eductor 


system described depends on the simultaneous solution of 


the equation of continuity, momentum equation, energy 


balance and the equation of state, compatible with specific 


Beundary conditions. 


The idealizations made for simplifying the analysis are 


as follows: 


i 


2: 


The flow is steady state and incompressible. 
Adiabatic flow exists throughout the eductor with 
isentropic flow of the secondary stream from the 
plenum (at section 0) to the throat or entrance of 
the mixing-tube (at section 1) and irreversible 
adiabatic mixing of the primary and secondary 
streams in the mixing-tube (between sections 1 

and 2). 

The static pressure across the flow at the entrance 
and exit planes of the mixing-tube (at sections 1 
anders üniform. 

At the mixing-tube entrance (section 1) the primary 
flow velocity US and temperature To are uniform 
across the primary stream, and the secondary flow 
velocity Е: and temperature T, are uniform across 
the secondary stream; but Un does not equal Us; 

and T does not equal Та" 

Incomplete mixing of the primary and secondary streams 
in the mixing-tube is accounted for by the use of 


a non-dimensional momentum correction factor En 
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which relates the actual momentum rate to the 
pseudo-rate based on the bulk-average velocity and 
density and by the use of a non-dimensional kinetic 
energy correction factor Ка which relates the actual 
kinetic energy rate to the pseudo-rate based on the 
bulk-average velocity and density. 

Both gas flows behave as perfect gases. 

Flow potential energy of position changes are 
negligible. 

Pressure changes Pe ES Pol and Р, во ВЕ are small 
relative to the static pressure so that the gas 
density is essentially dependent upon temperature 
(and atmospheric pressure). 

Wall friction in the mixing-tube is accounted for 
with the conventional pipe friction factor term 


based on the bulk-average flow velocity U, and the 


mixing-tube wall area А 


Based on the continuity equation, the conservation of 


mass principle for steady state flow yields 


where 


W = W + W (1) 
m р 5 
W = 
р "p p 
un EU А U А. (la) 
W = о О А 





All of the above velocity and density terms, with the 
exception of m and 027 are defined without ambiguity by 
virtue of idealizations (3) and (4) above. Combining 
equations (1) and (la), the bulk average velocity at any 


point along the mixing stack becomes 


ие о (1b) 


The perfect gas equation of state is used to evaluate 


p = (2) 





where E. is calculated as the bulk average temperature for 
the mixed flow obtained from the energy equation (9) to 
follow. The momentum equation stems from Newton's Second 
and Third Laws of Motion and is the conventional force 


and momentum-rate balance in fluid mechanics 








W U W U и О 
ко EE] +|---| +РА =K a | Ee 
P Je jı Jo Jl и Jo |2 = 

(2) 
with А, = А. Note the introduction of idealizations (3) 
шин 5). To account for a possible non-uniform velocity 
profile across the primary nozzle exit, the momentum correc- 
Bien factor ЕЕ is introduced here. It is defined ina 


u ner similar to that of En and by idealization (4) is 


equal to unity but is carried through this analvsis to 





illustrate its effect on the final result. The momentum 
correction factor for the mixing stack exit is defined by 


the relation 


dA (4) 





where UM is evaluated as the bulk-average velocity from 
equation (1b). The actual variable velocity and a weighted 
average density at section 2 are used in the integrand. 


The wall skin-friction force F can be related to the 


БЕ 
flow stream velocity Бу 
^m 
Per = 2 A 286 =; 
С 
using idealization (9). As a reasonably good approximation 


for turbulent flow, the friction factor may be calculated 


from the Reynolds number 


= р 
Е = 0.046 (Re) 7 where Re и 
m m 


Applying the conservation of energy principle to the steady 


flow system in the mixing stack (between sections 1 and 2), 


U 2 U 2 U 2 
W h +5 + W в + >= = W h +K = 
P P Ic | > = Ic all а B E Ic 2 


(7) 
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neglecting potential energy of position changes, idealiza- 
tion (7). Note the introduction of the Kinetic energy 


BEorrectlon factor Ка which is defined by the relation 
dA. (8) 
It may be demonstrated that for the purpose of evaluating 


the mixed mean flow temperature D the kinetic energy 


terms may be neglected to yield 


Ир We 
h. = и D + an n. ( 9 ) 
m m 
where a - ç (h ) ӘНІ wicn ас ва га топ - (6). 


The energy equation for the isentropic flow of the 
secondary air from the plenum (section 0) to the entrance 


of the mixing stack (section 1) may be shown to reduce to 





where, in this equation, Ро and Py both have units of 
lbf/ft^. This comes from the steady, adiabatic flow, 


energy equation in differential form 
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with the recognition that T ds = dh - = ар = 0 for the 
postulated isentropic conditions. Thus 
2 
зай (10а) 
р 2 9, 


But for the small pressure change from the plenum to the 
mixing stack entrance (section 0 to 1), idealization (8), 
the temperature and density are essentially constant so 
emat integration of equation (10a) to equation (10) is 
readily accomplished. 

The foregoing equations may be combined to yield the 


vacuum produced by the eductor in the plenum chamber 


2 2 








1 We Ша | J. = 
Р -Р. = ——— К — + 1- = — 
а 0 gc А, | р А Pp A а 2 A 
Wa i as 
>. one DE) 
m m m 


where it is understood that а апа = apply to the primary 
flow at the entrance to the mixing stack (section 1), A. 
and om apply to the secondary flow at this same section, 
and An and Р п apply to the mixed flow at the exit of the 
школа stack (section 2). Р. is atmospheric pressure and 
is equal to the pressure at the exit of the mixing stack 
Ро: This equation also incorporates the assumption that 


(05) = TE so that p, may be taken as the density of the 


secondary flow in the plenum. 
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ONONE DIMENSIONAL SOLUTION OF SIMPLE EDUCTOR ANALYSIS 


In order to provide the criteria of similarity of 


flows with geometric similarity, the non-dimensional 


parameters which govern the flow must be determined. One 


means of determining these parameters is by normalizing 


equation 


W* 


T* 


(11) which leads to the following terms: 





u 


Ein 


m 
Uu 
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a pressure coefficient which 


compares the "pumped head" 





о 
Р for the secondary flow 
S 
U 2 
temthe= “driving head” =: 


of the primary flow. 


a flow rate ratio, secondary- 


to-primary mass flow rate. 


an absolute temperature ratio, 


secondary-to-primary. 


a flow density ratio.. Note that 
since ES = Ба and the fluids 


are perfect gases p* = —P = E 


• 





А* = = area ratio of secondary flow area to 
Р 
primary flow area 
A 
= area ratio of primary flow area to 
m 
mixing stack cross sectional area 
ЕУ 
г area ratio of wall friction area to 
m 
mixing stack cross sectional area 
| ES mMomentimsesrrection factor for 
primary flow 
E momentum correction factor for 
mixed flow 
Е 


wall friction factor 


With these non-dimensional groupings, equation (11) пау Бе 


Written as 





A A A 
ES _ p то Eo k p 

ТХ m 2 =| B А | W l + T a 8 
т т т 

А A 

2 1 т р 

ж ж Ed = LL 

n Е L 7 яд К А ; | 





where 


"X 
+ 
мін 


e 


For a given eductor geometry, equation (lla) may be 


expressed in the form 


NP 
Тя 


where 


Equation (11b) 


relationship 


ABT 


A second means 


less parameters is 


EE Ung process within the mixing stack. 


C 


2 
* * * * 
1 + C, W* (T* + 1) + С, W T 
(115) 
Ар A, 
lo K. -= -Ep 
БЕ p “л 
А, 2 
А” В (lic) 
m 
/ 
A A A 
Е ов P. g 
Яо ре EIA A 
m p m 


may ре expressed as a simple functional 


= F(W*,T*) 


of determining the governing dimension- 


through a dimensional analysis of the 


A presentation of 
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this method by Ellin [1] yields the same simple functional 
relationship found in equation (12). 

Three additional dimensionless quantities were added 
to this investigation. To present the mixing stack static 
pressure distribution along the length of the mixing stack, 
a pressure coefficient similar to AP* called PMS* is defined. 
The distance, S, from the primary flow nozzle exit to the 
mixing stack or conical transition entrance and the distance, 
x, from the throat (i.e., the entrance to the constant 
cross section portion of the mixing stack) of the mixing 
Stack, normalized with respect to the mixing stack diameter, 
D, were also defined as non-dimensional quantities. The 


three additional quantities are listed below: 





PMS 
PMS* = 2 a pressure coefficient which compares 
p the "pumped head" LM for the 
j secondary, flow ЕО the “driving 
head" ка of the primary flow, 
where PMS - static pressure along 
the mixing stack length. 
5 ratio of the axial distance from the 


mixing stack throat to the diameter 


ofthe mixing stack. 





неон ener pactio of the axial 


on 


distance between the primary nozzle 
exit plane and the mixing stack or 
conical transition entrance to the 


diameter of the mixing stack. 


D. CORRELATION OF EXPERIMENTAL DATA 

The ratio of absolute secondary to primary flow tem- 
peratures T* is the only parameter which was not controlled 
during the test of the eductor system. A means of presenting 
the experimental data for a given geometric configuration 
in a form which results in a pseudo-independence of the 
dimensionless groupings P* and W* upon T* was developed. 
ШЕСІ reference [l] a satisfactory correlation of P*, T* 


and W* for all temperatures and flow rates is 


Mp le о и Я) 


The details of the determination of 0.44 as the correlating 
exponent are presented in reference [1]. A plot of AP*/T* 


mea function of wept- 4t 


from the experimental data yields 
the eductor's pumping characteristic curve. Variations in 
geometry will change the appearance of the pumping character- 
istic curve and facilitate a direct one to one comparison 

of pumping ability between various models and prototypes. 
0.44 


For ease of discussion, W*T* will henceforth be referred 


to as the pumping coefficient. 
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ТУ. EXPERIMENTAL APPARATUS 


Primary air is supplied to the nozzle and mixing stack 

system being tested by means of a centrifugal compressor 

and associated ducting illustrated in Figure 3. The eductor 
system being tested is mounted in a secondary air plenum 
which facilitates the accurate measurement of the secondary 
air flow through the use of ASME long radius flow nozzles 
mounted on the secondary air plenum. An orifice in the 
inlet duct to the centrifugal compressor permits measurement 


of primary air flow о 


E PRIMARY AIR SYSTEM 

The primary air ducting is constructed of ló-gage steel 
СП 0.635 ст (0.25 inch) thick steel flanges. Assembly of 
Шие ducting sections was accomplished using 0.635 cm (0.25 
inch) bolts with air drying silicon rubber seals between the 
flanges of adjacent sections. Entrance to the inlet ducting, 
shown in Figure 3, is from the exterior of the building 
EuacuSh a 91.44 cm (3.0 ft) square to a 30.48 cm (1.0 ft) 
Square reducer e each side of which has the curvature of 
a quarter ellipse. A transition section (2) then changes the 


ENS cm (1.0 ft) square section to a 35.3l cm (13.90 inch) 


^Much of the apparatus used in this research was 
previously used by Lt. Charles R. Ellin in his thesis 
research [1]. 
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diameter circular cross section (3) which runs approximately 
9.14 m (30 ft) to the centrifugal compressor inlet. A 
standard ASME square edged orifice (4) located 15 diameters 
downstream of the entrance reducer and 11 diameters upstream 
of the centrifugal compressor inlet, thus ensuring stabili- 
zation of the flow at both the orifice and centrifugal com- 
Bressor inlet.  Piezometer rings (5) are located one diameter 
upstream and one-half diameter downstream of the orifice. 

The duct section just downstream of the orifice also con- 
tains a thermocouple tap (6). The formulae used to calculate 
the primary and secondary mass flow rates are presented in 
Appendix A. 

A manually operated double sliding plate variable 
orifice (7) was designed to constrict the flow symmetrically 
ас] 1саее fine control of the primary air flow. During 
operation the butterfly valve (9) located at the compressor's 
discharge provided adequate regulation of primary air flow 
rates, thus eliminating the necessity of the sliding plate 
valve for flow regulation. 

On the compressor discharge side, immediately downstream 
of the butterfly valve, is a round to square transition 
followed by a 90 degree elbow (1 and a straight section of 
сас (о) ЕТШ ЕИО ЕО this point is considered part of 
the fixed primary air supply system. A transition section 
(13) is fitted to this last square section which reduces 


BucCduct cross section to a circular 29.72 cm (11.7 inch) 
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diameter cross section. This circular ducting provides the 
primary air inlet to the eductor но рані tested. The 
transition is located far enough upstream of the model to 
ensure that the flow reaching the model is fully developed. 
The centrifugal compressor used to induce primary 
air to the system is a Spencer Turbo Compressor, catalogue 
number 25100-H, rated 6000 cfm at 2.5 psi back pressure. 
The compressor is driven by a three phase, 440 volt 100 
hp motor. Primary flow is measured by means of a standard 
ASME square edge orifice designed to the specifications 
given in the ASME power test code [15]. The 17.53 cm 
(6.902 inch) diameter orifice was made of type 304 stain- 
less steel, 0.635 cm (0.25 inch) thick. The inside diameter 
Еле duct at the orifice is 35.31 cm (13.90 inch), which 
yields a beta (8 - d/D) of 0.497. The orifice diameter was 
chosen to give the best performance in regards to pressure 
drop and pressure loss across the orifice over the range of 
primary air flow rates tested (between the extremes of 


.907 kg/sec (2.0 lbm/sec) and 1.814 kg/sec (4.0 lbm/sec)). 


PS SECONDARY AIR PLENUM 

The secondary air plenum, pictured in Figure 4, is 
constructed of 1.905 cm (.75 inch) plywood and measures 
1.22m x 1.22m x 2.44m (4ft x 415 x 8ft). It serves as an 
enclosure that completely surrounds the eductor system but 
allows the system's mixing stack to protrude through a 


removable plate placed over the plenum's open end. The 


> 





purpose of the secondary air plenum is to serve as a boun- 
dary through which secondary air induced by the eductor 
system being tested must flow. Long radius ASME flow nozzles 
designed in accordance with ASME power test code [15] and 
constructed of fiberglass penetrate the secondary air plenum 
boundary, thereby providing the sole means for secondary air 
to reach the eductor. Appendix D of reference [1] outlines 
the design and construction of the secondary air flow nozzles. 
By measuring the temperature of the secondary air and its 
pressure as it flows through the ASME flow nozzles, its 

mass flow rate is readily obtained. Flexibility is provided 
this secondary air flow measuring system by employment of 
three different flow nozzle sizes: Four of 20.32cm (8 inch) 
throat diameter, three of 10.16 cm (4 inch) throat diameter, 
and three of 5.08 cm (2 inch) throat diameter, various com- 
binations of which produce a wide variety of secondary cross 
sectional flow areas. 

A double screen is installed 1.22 m (4ft) from the open 
end of the secondary air plenum between the ASME long radius 
nozzles and the primary air exhaust nozzles. The purpose 
of the screen is to reduce any swirl effect that could result 
when only a small secondary air flow area exists. The 
interior of the secondary air plenum is pictured in Figure 5. 
Mounted inside the plenum box is the support brackets for 
the eductor system mixing stack. Adjustments to the mixing 


stack can be made through an access door in the side of the 
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plenum, and the removable end plate makes it possible to 


change mixing stacks. 


С. INSTRUMENTATION 

Pressure instrumentation was provided for measuring 
gage pressures inside the secondary air plenum, inside the 
primary air uptake just prior to the nozzles, and at half 
diameter distances starting at the entrance on the mixing 
stack. Atmospheric pressure was measured using a mercury 
barometer. All other pressures were measured with either 
U-tube water manometers or inclined manometers with oil of 
specific gravity 0.834 as the working fluid. The pressure 
measurement system is pictured in Figure 6 and schematically 
represented in Figure 7. Rapid and frequent monitoring of 
each of the various pressures was facilitated by the Scanivalve 
which was used to scan each pressure tap. A multiple valve 
manifold is then used to link the single output of the 
Scanivalve to a bank of instruments consisting of 30.48 cm 
нин с), 7.62 cm (3 inch), 5.08 cm (2 inch), and 1.27 cm 
(0.5 inch) inclined manometers. This permits better matching 
of the pressure being measured to an instrument of compatible 
range, thereby improving the degree of accuracy for lower 
pressure measurements. Initially a 1.0 PSIG pressure trans- 
ducer coupled with a KAMAN digital display, model number K 
3101A23 pictured in Figure 8, was used in conjunction with 
the scanivalve. This system was replaced by the bank of 


water manometers when it was discovered that the transducer 
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could not measure very low pressures with the desired degree 
of accuracy. The primary air static pressure just upstream 
of the nozzles was measured with a 43.18 cm (17 inch) single 
column water manometer. Figure 9 illustrates the instru- 
mentation for obtaining the data necessary to calculate the 
primary mass flow rate. A 7.62 cm (3 inch) inclined water 
manometer is used to measure the static pressure upstream 

of the orifice, and a 127 cm (50 inch) water u-tube manometer 
is used to measure the pressure differential across the 
Orifice. 

Primary air temperatures at the orifice outlet and just 
upstream of the model were measured with copper-constantan 
thermocouples. The thermocouples are in assemblies manu- 
factured by Honeywell under the trade name Megapak. The 
Megapack consists of a "head" for connecting the extension 
wires, a "sheath" of 0.318 cm (.125 inch) stainless steel 
tubing through which insulated leads pass to the exposed 
measuring junction at the end of the sheath.  Polyvinyl 
covered 20 - gage copper constantan extension wire was 
used to connect the thermocouples to a Newport digital 
pyrometer model number 267 which provides a digital display 
of the measured temperature. Secondary or ambient air 
temperature is measured with a mercury-glass thermometer 
and recorded in degrees Fahrenheit. 

Velocity profiles at the mixing stack exit were obtained 
Bp a pitot-static tube mounted so as to facilitate 


traversing the entire diameter of the mixing stack. Static 
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and stagnation pressure pickups from the pitot-static tube 
were connected to opposite ends of either a 30.48 cm (12 
inch) or a 7.62 cm (3 inch) inclined manometer as appropriate 


for the flow rate tested. 


ШІ ЕрОСТОК SYSTEM GEOMETRIES 

The eductor systems investigated consisted of a single 
uptake, a single cluster of four primary air flow nozzles 
of constant cross section, and a single mixing stack. In 
order to obtain general data on the effects of changes in 
certain geometric parameters, a simple open configuration 
was used. No attempt was made to model existing or proposed 
systems. The simpler open configuration of this investiga- 
pono was not restricted by the structural constraints of a 
funnel simulating the ships superstructure. The variables 
in this research were the mixing stack length and the effect 
of the entrance region geometry. The applicability to educ- 
tor systems to be used on ships was a consideration that 
influenced the dimensions of the nozzles and mixing stacks. 
Mixing stack lengths of two and three diameters were inves- 
Бисасеа which is about the limits of practical stack lengths 
for a prototype. An entrance transition of conical geometry 
was added to the mixing stacks to test the effect of a 
variable entrance region cross section. 

Ellin [1] found that while the performance of an 
eductor system increased when the number of primary flow 


nozzles was increased from three to four, little improvement 
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was realized when the number of nozzles was increased to 
five. The circular configuration of four primary flow 
nozzles of constant cross section and a ratio of mixing 
stack area to primary air flow area of 3.0 was chosen as a 
constant for this investigation. The nozzle configuration 
is pictured in Figure 10 and a dimensional layout is given 
in Figure ll. The area ratio chosen for this investigation 
corresponds approximately to the area ratio used on an 
existing gas turbine powered ship and was previously inves- 
tigated by Ellin {1]. 
1. Mixing Stacks 

The mixing stacks tested were manufactured of 
29.72 cm (11.7 inch) inside diameter plastic pipe with a 
0.51 cm (0.2 inch) wall thickness. Additional material was 
glued to one of the pipe in order to give enough thickness 
to cut an approximately 1.25 cm (0.5 inch) radius to give 
a smooth entrance for the mixing stacks to be tested without 
the entrance transition. Two different lengths of mixing 
Stacks were tested without an entrance transition: one, two 
diameters long and one, three diameters long. Pressure taps 
were located at half diameter locations starting with the 
entrance to the mixing stack. 

The mixing stacks were supported inside the second- 
ary air plenum by means of two adjustable support brackets. 
These brackets were constructed of 5.08 cm x 5.08 cm (2 x 2 


inch) aluminum angle and 1.91 cm (0.75 inch) aluminum vlate. 
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The mixing stack is held in place by two adjustable metal 
bands. The support brackets were constructed for ease in 
changing mixing stacks and changing of the standoff distance, 
i.e., the distance between the primary air flow nozzle exit 
and the mixing stack entrance. Two additional design cri- 
teria for the mixing stack support brackets were the minimum 
blockage of air flow and, most important, the ease of 
alignment with the primary air flow nozzles. 

The alignment with the primary air flow nozzles was 
accomplished with the use of the alignment plugs pictured 
шесте 13. The two plugs that fit inside of the mixing 
Stack were cut to the exact inside diameter of the mixing 
EN Етошп 3.81 cm (1.50 inch) thick wood with a 1.91 cm 
(0.75 inch) diameter hole drilled through the center. A 
сш (0.75 inch) wooden form cut to fit over the end of 
the primary air flow nozzles also had a 1.91 cm (0.75 inch) 
diameter hole through the center. The wooden mounting board 
for the primary air nozzles had a similar hole halfway 
Emsough its thickness. A straight 1.91 см (0.75 inch) 
diameter rod was passed through the center holes of these 
alignment blocks. Adjustments to the alignment were made 
with the adjustable bolts on the support brackets until the 
rod passed freely through the four alignment holes. Figure 
14 shows the mixing stack mounted on the support bracket 


with the alignment plugs and centering rod in place. 
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2. Entrance Transition 

The entrance transition tested is of a conical design 
as illustrated in Figure 15 and Figure 12. The purpose of 
the transition was to test the effects of a converging type 
of entrance region on the performance and mixing of the 
eductor system. The transition was manufactured from 
Пола ст (0.125 inch) aluminum sheet metal formed into a 
truncated cone and welded to an eight bolt flange 0.64 cm 
Ж ЕЕ ІПСП) thick and 5.08 cm (2 inch) wide. The total 
length of the transition is one mixing stack inside diameter 
а a contraction from 15 diameters at the entrance to 1 
diameter at the exit into the pipe. The entrance to the 
transition was rounded to remove the sharp corner. A 
3.81 ст (1.5 inch) diameter rubber hose was then glued to 
this entrance region to give a better rounded entrance. 

Tape and coats of fiberglass finishing coat were then applied 
to give a smooth rounded entrance. 

The transition bolted to a one diameter length 
mixing stack to give a total length of two diameters is 
shown in Figure 16 and with the mixing stacks without a 
transition in Figure 12. The transition was bolted to two 
e erent lengths of pipe to form mixing stacks of total 
length two and three diameters. Pressure taps were located 
at the transition entrance and at a half diameter from the 


entrance. 
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V. EXPERIMENTAL METHOD 


Evaluation of an eductor's performance requires 
determination of the secondary air flow rate as well as 
the degree of mixing of primary and secondary flows. 


The pumping coefficient, ихтд. 44 


provides the basis 

for the analysis of parameter variation effects on eductor 
pumping. Figure 17 graphically illustrates the eductor 
pumping characteristic curve defined by the experimental 
data correlation of equation (13). Design of the experi- 
mental apparatus facilitates determination of the dimension- 
less parameters in the experimental correlation with the 
exception of the secondary flow rate at the operating point. 
Any attempt to equip the model with secondary air flow 
measurement devices restricts the flow rate and does not 
yield the dynamically similar flow desired. The technique 
of determining the pumping coefficient at the operating point 
ER irst to establish the pumping characteristics of the 
eductor system. This is accomplished by varying the second- 
ary air flow rate from zero to its maximum measurable value, 
using the ASME flow nozzles mounted in the secondary air 
plenum and recording the temperatures and pressures required 
to calculate the corresponding dimensionless parameters. 

The "open to the environment" condition is then simulated 

by removal of the end plate on the secondary air plenum. 


Extrapolation of the characteristic curve to its intersection 
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with the ware: 44 


axis locates the pumping coefficient for 
the operating point of the eductor system. 

The mixing stack axial static pressure distribution 
was obtained from a series of pressure taps at half diameter 
distances along the mixing stack. The mixing stack was then 
rotated 45° to place the pressure taps in another position 
relative to the primary nozzle alignment. The non-dimensional 
pressure distribution is then plotted versus X/D for each 
geometry tested. The coordinate system used for the 
experimentation and presentation of data is illustrated in 
Figure 18. Standoff distance, S, is measured from the mixing 
Stack entrance to the nozzle exit. S is positive when the 
nozzles are displaced out of the mixing stack and negative 
when into the mixing stack. The pressure tap location is 
designated by x, the distance from the mixing stack throat, 
positive toward the mixing stack exit and negative toward 
the stack entrance. 

The momentum correction factor Ка is a measure of the 
completeness of mixing and provides the basis for evaluating 
this aspect of eductor performance. The momentum correc- 
tion factor is evaluated at the exit of the mixing stack by 
means of two velocity traverses and the definition given іп 
equation (4). Velocity profiles at the mixing stack exit 
were measured using a pitot-static tube. Since it was 
impractical to obtain a three-dimensional plot of velocities 
at the exit plane of the mixing stack, advantage was taken 


of the symmetry of the velocity surface resulting from the 





arrangement of the primary nozzles, and only two traverses 
were made. The first traverse passes directly over the 
primary nozzles and records the peak velocities while the 
second traverse passes between the nozzles thus measuring 
the minimum velocities at the mixing stack exit. An average 
velocity at the mixing stack exit is obtained by integrating 
the velocity distribution over the mixing stack area to ob- 
tain an integrated volumetric flow rate which, when divided 
by the mixing stack cross sectional area, yields the aver- 
age velocity. Appendix B outlines the procedure for 


calculating the momentum correction factor. 
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Jit оПъзтои ОК EXPERTMENTAL RESULTS 


Eductor performance, as described earlier, considers 
two things, the amount of secondary air induced into the 
system and the degree of mixing of primary and secondary 
flows within the mixing stacks. For eductor systems designed 
to cool the exhaust gas from a gas turbine powered ship, a 
high pumping rate is desirable since this results in a low 
average mixing stack exit temperature. The degree of 
mixing which occurs within the mixing stack determines how 
closely the local values approach this average. To evaluate 
the total performance of an eductor both pumping and mixing 
must be considered. Data obtained from tests on different 
configuration eductors provides a means of evaluating pumping 
and mixing as they are affected by the geometric parameters. 
The parameters varied in this investigation were flow rate, 
Meme eh of mixing stack, distance from nozzle exit to mixing 
stack entrance and entrance geometry. The effect of these 
parameters on pumping and mixing was individually determined 
and from these results the effect of a specific parameter 
on the total performance of the eductor was evaluated. 
Table I summarizes the results of the individual analyses. 


Bron plots of AP*/T* with weed. 44 


for the experimental 
часа, the value of the pumping coefficient corresponding to 
the open operating condition was determined. These values 


are tabulated in Table II. 
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By definition, the performance of an eductor is depen- 
dent on the completeness of mixing of the primary and 
secondary air streams as well as on pumping. Two measures 
of mixing were used in this analysis. The momentum correc- 
muon factor, Ko! 1S a measure of the completeness of mixing 
and is affected by the geometric parameters tested. It 
therefore provides a basis for evaluating mixing as an aspect 
of eductor performance. The peak velocities can be related 
to peak temperatures and is therefore of interest when con- 
sidering the ultimate use of these eductor systems. The 
ratio of peak velocity to average velocity was also used as 
a basis for evaluating mixing. The momentum correction fac- 
tors and peak to average velocities are tabulated in Table 
III. The values presented in Table III are for a primary 
flow with an uptake Mach number of 0.064. Values obtained 
for other flow rates were approximately the same. 

Another quantity measured which can be related to the 
completeness of mixing was the axial static pressure 
distribution. As mixing occurs along the mixing stack, the 
decrease in momentum of the air is evidenced as a pressure 
rise. When the non-dimensional static pressure is plotted 
with distance along the stack, the rate of momentum exchange 
is evidenced by the slope of the curve. A steep gradient 
represents an area of rapid momentum transfer. For optimum 
mixing the curve should approach atmospheric pressure tan- 
gentially at the mixing stack exit. The axial static 


pressure varied with angular position relative to the primary 
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flow nozzles. This variation gave rise to a maximum and a 
minimum pressure drop, corresponding to position A and B 
respectively. The location of these positions is shown on 
Figure 19. The mixing stack with the pressure taps fixed, 
as described previously, was rotated a full 360° with pressure 
readings made at 45 intervals. The results, presented in 
Table IV and shown on Figure 20; show there is symmetry 
between the maximum and minimum positions. 

mo verify that there is a uniform velocity profile at 
the primary nozzle exit a velocity traverse was made across 
each nozzle as shown in Figure 21. The results are pre- 
sented in Table V and shown on Figure 22, indicate the flow 
exiting from each nozzle is fully developed. 

In preparing the performance plots, AP*/T* versus 
wena? 14, a Slight amount of data scatter is encountered as 
the open to the environment condition is approached. This 
Scatter is attributed to the difficulty in measuring the 
very small pressure differentials, on the order of 0.254 cm 
MENO inch) of water and less, required for calculation of 
these last few points. Consequently slightly lesser impor- 
tance was given these scattered points when determining the 
characteristic curve used in locating an eductor's pumping 
coefficient. 

The uncertainties in the pumping coefficient (1.4%) and 
the pressure coefficient (1.9%) are tabulated in Appendix C. 
For some of the parameter variations to be discussed, changes 


merne pumping coefficient are within its uncertainty bounds. 
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Caution should therefore be exercised when using these 
changes for other than to indicate a trend. An uncertainty 
analysis of the momentum correction factor was not attempted 
because of the approximations inherent in its development. 

It is recognized that the uncertainty in the momentum correc- 
tion factor is likely to exceed its changes. Such changes 
are used, therefore, as indications of trends only. 

Table VI through Table XIII are the performance and 
velocity results from each configuration and flow rate tested. 
They are included here in the interest of completeness. 
Figures 40 through 43, which are plots of the AP*/T* versus 
wane? 44 from which the pumping coefficient for that geometry 
eductor system was determined, are also included for 
completeness. 

The following discussion addresses the individual 
parameter variations and their effect on eductor performance 
and in so doing references the results of tests performed 


on each geometry. 


Pee UPTAKE MACH NUMBER 
The effect of the uptake Mach number on eductor perfor- 
mance was evaluated by varying the uptake Mach number from 
0.034 to 0.064. These Mach numbers were chosen because 
they correspond to the uptake Mach number on an existing 
eductor system, and were the values selected by Ellin [1]. 
The effect of Mach number on the pumping coefficient 15 


evidenced in Table II and Figures 23 and 24. As can be 
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seen on Figures 23 end 24 the Mach number affects the slope 
of the pumping characteristic curves only very slightly. 
The intercept of the pumping characteristic curves are 
essentially unchanged by varying the Mach number as shown 
in Table II. 

The momentum correction factor and velocity peaks are 
also essentially unaffected by Mach number variations as 
illustrated on Figures 25 and 26. The plots on Figures 25 
and 26 show the Mach number only affects the velocity profiles 
by less than 1.0%. 

The non-dimensional axial static pressure distribution 
for the mixing stack is affected by Mach number only at the 
entrance regions of the mixing stack. For the first diameter 
of length the value of PMS* is lower for the higher Mach 
numbers giving a steeper slope and therefore a higher momen- 
tum exchange than the lower Mach numbers. The effect of 
Mach number after the first diameter of length is negligible. 

The magnitude of the uptake Mach number was shown to have 
essentially no effect on the non-dimensional values used in 
this investigation. Two Mach numbers were used for all 
pumping coefficient and mixing stack pressure distributions 
emery Only one for the majority of the velocity profiles. All 
figures used in the following discussion will only present 
the curves corresponding to a Mach number of 0.064 as the 
pressures for this flow rate were easier to measure. Results 


from both Mach numbers are presented in the Tables VI to 
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XIII. This independence on uptake Mach number was also 


observed by Ellin [1] and Harrell [10]. 


B. LENGTH OF MIXING STACK 

The mixing stack length was varied from L/D = 2 to 
L/D = 3. These lengths were chosen because they represent 
a bound on practical lengths for application on gas turbine 
powered ships. 

The pumping coefficient for the two lengths tested are 
tabulated in Table II. Figure 29 plots the pumping coefficient 
versus standoff for each L/D for the configuration without 
a transition. At each S/D up to 0.5, the pumping coefficient 
for L/D = 3 is higher than the L/D = 2. Above S/D = 0.5, 
the difference gets smaller and at S/D of 1.0 there is no 
Significant difference in pumping coefficient. Along with 
the data from this investigation, data taken by Harrell [10] 
elotted.  Тпе data from Harrell is within 5.0% of the 
results of this investigation. The trend of increasing 
pumping coefficient with increasing L/D for standoffs less 
than 0.75 was observed in both investigations. Figure 30 
shows that with a transition on tne mixing stack the overall 
length of the mixing stack has a more important effect on 
the pumping coefficient. The difference between L/D of 3 
and L/D of 2 again lessens as the standoff increases. 

Table II and Figures 31 and 32 show the effect of L/D 
on the momentum correction factor and the peak velocity. 


Figure 31 shows that the momentum correction factor, Ka’ 
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lower tor L/D Of 3 than L/D of 2 whether the transition 
is on or off. The peak velocities always are lower for 
L/D of 3 again regardless of transition or S/D. 

The non-dimensional pressure distribution, PMS*, plots 
illustrated in Figures 33 and 34 show that the slope of the 
curves at the mixing stack exit is lower for L/D of 3 than 
L/D of 2 while the initial slope at the entrance is greater. 
This indicates there was a greater momentum exchange, more 
ерісі тіхіпа, for L/D of 3 and thus a more complete mixing 
at the exit reflected by a shallower slope of the curve. 
ШООК е 33 is a plot of PMS* versus x/D for S/D = 0.25 without 
Ш ESnsition and Figure 34 is for 5/0 = 0.25 with a transi- 
tion. The same trend of more complete mixing is evidenced 
in both figures. Plots of other standoffs show the same 
trend in this investigation as well as the research of 


Harrell [10]. 


DISTANCE BETWEEN THE NOZZLE EXIT AND MIXING STACK ENTRANCE 
The distance between the primary flow nozzle exit and the 
mixing stack entrance, standoff distance, had a pronounced 
effect on the performance of the eductor system. Table II 
and Figures 29 and 30 show the effect of varying standoff 
Son the pumping coefficient. For the no transition con- 
figuration as S/D increases the pumping coefficient increases 
up to a maximum value and then decreases to a constant value. 
With further increase of S/D the pumping coefficient falls 


sharply as the turbulent jet expands larger than the diameter 
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Or the mixing stack. For the transition on configurations 
the performance remained fairly constant as S/D was increased 
for L/D = 3. For L/D = 2 the pumping increased for S/D less 
than 0.25 and then remained fairly constant. The optimum 
standoff, as reflected by the maximum pumping, appeared to 
be a function of L/D and entrance region geometry, both to 
Amor extent. From Putilov [9] the optimum S/D is also а 
function of the mixing stack to primary flow nozzle area 
Fatio. 

The effect of S/D on the momentum correction factor and 
peak to average velocities is demonstrated in Table III 
and Figures 3l and 32. Both the momentum correction factor 
and peak velocities decrease with increasing S/D indicating 
more complete mixing as standoff is increased. 

The effect of S/D on the axial static pressure distri- 
Eaton is illustrated in Figure 35. The plot of PMS* 
versus x/D produces a curve which approaches the mixing 
stack exit pressure more tangentially for higher values of 
S/D. This indicates a more complete mixing has taken place 


inside the mixing stack. 


D. MIXING STACK ENTRANCE GEOMETRY 
Table II and Figures 36 and 37 show the effect of adding 
a conical transition to the mixing stack entrance. From 
Table II and as can be seen from Figures 36 and 37 the pumping 
coefficient for the stack with a transition is higher than 


one without for standaoff less than 0.25. At standoff equal 





to 0.50 the pumping is about the same and appears to remain 
About equal up to a standoff of 1.0. 

The effect of the transition on mixing is illustrated 
in Table III and Figures 31 and 32. For standoff less than 
0.50 the momentum correction factor for a mixing stack with 
a transition is higher than for a mixing stack without a 
transition indicating less mixing has taken place. For 
standoffs equal to and greater than 0.50 the Ка appears 
to be the same. The mixing stack of length L/D = 3.0 shows 
a smaller effect from the transition than does the mixing 
stack with L/D = 2.0. The peak velocities indicate that the 
transition does promote better mixing above S/D = 0.25. More 
research is necessary to determine which configuration does 
provide better mixing. 

Figures 38 and 39 show that mixing is more complete 
nout a transition for S/D less than 0.5. In Figure 38 
Eg mixing stack of length L/D = 3 with the S/D = 0.0 the 
PMS* versus X/D curve for the mixing stack without a transi- 
tion approaches atmospheric pressure more tangentially than 
does the curve for the mixing stack with a transition. The 
mixing is therefore more complete without a transition than 
with a transition for this standoff. The curves on Figure 
eror S/D - 0.50, approach the exit pressure with about 
the same slope indicating about the equal completeness of 
mixing as was indicated from Figures 32 and 33 and Table 


ELI. 





VII. T CONCLUSIONS 


The objective of this investigation was to determine 
the effect of variation of geometric parameters on the 
performance of a multiple nozzle eductor system. The trends 
and interdependency of geometric parameters were discussed 
in detail in Section VI and the resulting conclusions are 
summarized here. 

A. The effect of the uptake Mach number on the pumping 
coefficient and on the degree of mixing was negligible over 
the range of flow rates tested. 

B. An improvement in pumping can be obtained with an 
increase in the length of the mixing stack. Additionally, 

a significant improvement in mixing is realized with increasing 
length of mixing stack. 

C. Increasing the distance between the primary flow 
nozzles and the mixing stack gave an increase in the pumping 
coefficient. The limiting value for standoff was determined 
by the need to keep the primary flow contained within the 
mixing stack. The effects of increasing standoff were more 
pronounced with the mixing stacks without a transition than 
the ones with a transition. The standoff also had varying 
effects with the different length mixing stacks. In all 
cases tested mixing was enhanced by increasing the standoff 


Шістапсе. 
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D. The conical entrance transition tested gave a 
higher pumping coefficient for standoffs less than 0.50. 
Above a standoff of 0.50 the pumping coefficient for a given 
length mixing stack is about equal with or without an 
entrance transition. Mixing is better without the transi- 
tion for standoffs less than 0.50. For standoffs equal to 
and above 0.50 the mixing appears to be about the same for 
a given length mixing stack with the transition on or off. 

In terms of total eductor performance considering 
Pumping and mixing the utility of an entrance transition 
1s questionable. Based on the results of this research a 
BE ung stack of length L/D = 3.0 with a standoff of 
approximately 0.50 without a transition appears to give the 


best performance. 
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VIII. RECOMMENDATIONS 


Е ето ео providing insight anto the nature of the 
effects of geometric parameters on eductor performance, 
this research also has raised questions to be solved by 
further research. Among the areas necessary to further the 
understanding of multiple nozzle eductor systems are the 
recommendations listed below. 

A. The effect of changing the mixing stack area to 
primary flow area ratio was established by Ellin [1]. 
Experimentation would be useful to determine the effect 
this area ratio has on the optimum standoff. 

B. The momentum correction factor as well as the peax 
to average velocity ratio is affected by a number of 
uncertainties. An investigation of the best measure of the 
degree of mixing would be of upmost importance to future 
research. 

C. It is evident that the number of geometric variations 
Seem Cductor configuration is virtually unlimited. Other 
geometric parameters of interest for further research include 
the use of a converging diverging mixing stack, and varying 
the geometry of the nozzles with respect to inducing a 


Swirl in the mixing stack to enhance mixing. 
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TURBINE EXHAUST GAS 
(PRIMARY FLOW) 
FIGURE 1. Schematic Diagram of Simple Exhaust Gas Eductor 
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FIGURE 5. Interior of Secondary Air Plenum Showing Screens and 
Flow Nozzles 
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FIGURE 6. Scanivalve, Valve Manifold, and Manometer Bank with 
Secondary Air Plenum 
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FIGURE 10. Primary Flow Nozzles Used in This Investigation 





FIGURE 11. Layout of Primary Nozzles 
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EIGURE 13. 


Alignment Plugs for Mixing Stack and Primary Nozzle 





FIGURE 14. 


Mixing Stack Alignment with Primary 
Secondary Air Plenum 
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FIGURE 1б. 





Conical Transition Attached to Mixing Stack 
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FIGURE 17. Illustrative Plot of the Experimental Data 
Correlation in Equation (14). 
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FIGURE 19. Orientation of Static Pressure Taps Relative 
To Primary Flow Nozzles. 





FIGURE 21. Coordinate System Used For Table V ( Nozzle 
Exit Velocities). 
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FIGURE 22. Primary Nozzle Exit Velocities 
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Wati Transition 
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FIGURE 31. Plot of Momentum Correction Factors Versus Standoff; 
Parametric in Mixing Stack Length 


87 





WILL Transition 


A L/D- 2 

у L/D= 3 
Without Transition 

O L/D= 2 

g L/D= 3 


PEAK TO AVERAGE VELOCITY RATIO (Vx/VAVG) 





-0.25 D 0245 02220 Uns |550 
УДА ДОРА 5705 


FIGURE 32. Plot of Peak to Average Velocity Ratio Versus Standoff; 
Parametric in Mixing Stack Length 
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PUMPING COEFFICIENT 









WITHOUT TRANSITION WITH TRANSITION 


| 
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Е= [== 
= f= 
t pe eb Pe 


GEE 0.715 95715 a 0.690 0.640 


















TABLE II. Pumping Coefficients Corresponding to Various 
Parameters 
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PUMPING COEFFICIENT 


WITHOUT TRANSITION WITH TRANSITION 
UPTAKE MACH 
| NUMBERS 0.034 0.064 [oo || сом | 0.034 0.064 
STANDOFF 
-0.25 03695 0.695 
l. . 0.575 | oss | ons | ons 
0.689 0.685 | OA 02725 
E 0.740 0.740 "| 0.735 Osi ss 


b) L/D = 3.0 









TABLE II. Continued. 
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MOMENTUM PEAK DIVIDED 





CORRECTION BY AVERAGE 
FACTOR VELOCITY 
An FART 











WITHOUT WITH WITHOUT WITH 
TRANSITION TRANSITION TRANSITION TRANSITION 


E ivl v 
-0.25 1.197 1.9048 
p= = p= pe 
= ре е 
Fre 
ЕЕ ЕСЕНИН ЕСІНЕН 
= =] [l 


а) L/D= 2.0 









TABLE III. Momentum Correction Factors and Peak to Average Velocity 
Variations for Various Parameters 
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MOMENTUM PEAK DIVIDED 









CORRECTION BY AVERAGE 
FACTOR VELOCITY 
V /V 
x avg 










WITHOUT WITH WITHOUT WITH 
TRANSITION TRANSITION TRANSITION TRANSITION 


и е 
-0.25 12055 1.449] 

Pe p= [= 
epu pe m pe 
Е e e 
ерер ре з 
рег ре з 


b) L/D- 3.0 
TABLE III. Continued. 
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25007 3.625 3.90 2:05 5 99.7 5992 0488 15 
13.093 4.125 4.80 2-20 812245 192223 1,2816 09.8676 
10.500 4.625 5.30 2250 тео. 5 105:6 1.3467 0.8871 
11.000 5.125 5.00 22305227 105.6 1.3080 0.8871 
11.500 5.625 3.90 2.290513 1.5 192.35 1.1552 0.8676 
11750 5.875 3.60 12700 132.1 90.8 1.1099 0.1627 
INTEGRATED FLOW RATE = 89.63 CU.FT/SEC 
- ева LBM7SEC 


TABL 


AMBIENT PRESSURE = 
PRIMARY (UPTAKE) TEMPERATURE 


5/ О- 0.0: 


197 


D= 3.0 


DATA TAKEN ON 21 JUNE 1977 


> MACH МО. 


29.820 IN.HGA, 


ЕТИКЕ MISS 


0.063 


TEMPERATURE = 
= 129.) ПЕС. ЕАНВ 


90.0 DEG. FAHR 


AVERAGE VELOCITY = 
PRIMARY FLOW RATE, 
PRIMARY VELOCITY, 
MOMENTUM FACTOR, 


119403 FT/SEC 

WP = 3.689 LBM/SEC 
UO = 218.82 F'/SFC 
KM = 1.030 


(а) 


Tabulated Velocity Profile Data for L/D= 3 
Without an Entrance Transition 


S/D= 0.0; UPT Mach No.= 0.064 
AS 
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4 NOZZLE; 


S/D= 


«253 


L/D= 3.0; 


AMBIENT PRESSURE = 


DATA TAKEN ON 11 JULY 1977 


MACH NO = 


29.930 IN.HGS, 


ВЕКЕ MASS 


0. 263 


TEMPERATURE = 


66.0 NEG.FAHR 


PRIMARY (UPTAKE) TEMPERATURE = 106.0 DEG.FAHR 
СЕЕ" пн пе ве o а МА/МАМ  МВ/МАМ 
9.0 5 «8175 2.10 1.89 98.6 2123 0.8422 0.7797 
0.500 5.375 2.70 2.00 111.8 26.2 0.9550 0.8219 
1.000 4.875 3.10 2.530 719,97 103.2 1.0233 0.8814 
1.500 4.375 3.80 2.60 132.7 199.7 1.1329 0.9371 
2.000 3.875 3.90 2.70 134.4 111.8 Lel+7? 0,9550 
2s500 3.375 4.30 35210. 141.1 119.8 1.2052 1.0233 
3.000 2.875 4.20 3439 139,2. 123.5 141011» 180528 
35590. 2.315 3.80 9580 132.7 125.5 171329 140716 
4.000 1.875 3.60 3.10 129.1 119.8 1.1027. 1.0233 
4.500 1.375 3.20 2.90, Z121.7 115.9 1.0396 0.9897 
5.000 0.875 2.90 ос Зо 50 109.7 0.9897 0.9371 
5.509009 053715 2.70 2.40 111-8 105.4 0.9550 0.9996 
6.000 0.125 2.50 2.30 107.6 103.2 0.9189 0.881% 
6.500 0.625 2. +0 2.40 105.4 105.4 C.9004 0.9004 
7.099) 1.125 2.50 2909 21.0756 10927 правою 0095171 
7500 1.625 2.70 2.70 111.8 111.3 0.9550 0.9550 
8.000 2.125 3.00 220,7 2117,97 113.9 1.0066 0.9725 
8.500 2.625 3.60 2,80 12921 115.9 1027, 943725 
9.000 3.125 4.40 2.60 142.8 109.7 122131. 0:9371 
3.520. 3.625 4.90 2039 ERSU0VT- 19222 1.28€5 0.8814 
10.000 4.125 5.30 2.00 156.7 96.2 153280. 029219 
10.500 4.625 4.90 1.70 150.7 88.7 Е. 2955. 0415178 
11.099 5.125 4.10 1.59 137.8 86.1 117507 Osi351 
11.500 5.€25 3.40 1.40 125.5 80.5 1.0716 0.6877 
057390 55-975 3.00 пе ОБА Шта У 74.6 1.0066 0.6367 
INTEGRATED FLGON RATE = 88.18 CU.FT/SFC 
= 0.372 ГЕМ/5ЕС 


AVERAGE VELOCITY = 
PRIMARY FLOW RATE, MP = 
PRIMARY VELOCITY, UP - 
MOMENTUM FACTOR, KM = 


117.10 FT/SEC 
SO BR SEC 
о ІЗ DUO ЗЕЯ 
1.018 


(b) S/D= 0.25; UPT Mach No.= 0.064 


TABLE X. Continued. 


Ше 





DATA I FE N ШУ 1977 BY MIKE MITS 


4 NOZZLE; 5/02 .25: L/O0= 3.0; MACH NO = 0.024 


AMBIENT PRESSURE - 29.930 I'l.HG4, TEMPERATURE = 64.0 DEG. FAHP 
PRIMARY (UPTAKE) TEMPERATURE = 115.0 DEG.FAHR 
X R PTA РТВ VA VB VA/VAV VB/VAV 
INCHES IN.H20 ЕТ/ЗЕС 
0.0 5.875 0.68 0.47 56.3 46.8 9.8841 0.7350 
В. 500 59.375 0.83 0.60 2200 52.9 0.9768 0.8305 
1.2999 4.875 0.90 9.65 64.8 55.1 1.0171 0.8644 
1.500 4.375 1.10 0.70 71. 7 57.2 1.1245 0.8970 
2-000 3.875 1.15 0.85 Le E320 1.1498 0.9885 
2,5007 3.375 1.30 2. 92 77.9 65.5 1.2225 1.3286 
3.000 2.875 1.25 1.00 76.4 68.3 1.1987 1.0722 
3.500 2.375 1.15 1.00 73423 68.3 1.1498 1.0722 
4.000 1.875 1.05 1.02 70.0 69.9 1.9986 1.3828 
4.500 1.375 0.25 9.93 66.6 65.9 1.0450 1.0340 
5.099 0.875 9.85 3.85 63.0 63.0 0.9885 0.9885 
5.500 0.375 0.77 9.77 60.0 60.0 0.9408 0.9408 
6.000 0.125 0.72 0.73 58.0 58.4 0.9098 0.9161 
6.500 0.625 0.70 9.72 51.2 50.) 9.8970 0.9098 
7.000 1.125 0.70 0.73 57.2 60.3 0.8970 0.9469 
7.5007 1.623 0.77 0.80 60.0 61.1 с.9408 0.9590 
8.000 2.125 0.88 0.83 64.1 62.2 1.0058 0.9768 
8.509 2.625 1.00 0.80 68.3 61.1 1.0722 0.9590 
9.200 3.125 1.20 0.75 74.8 59.2 1.1745 0.9285 
9,5007 3.625 1.40 0.68 80.8 56.3 1.2686 0.3841 
10.000 4.125 1.45 0.60 82.3 52.9 1.2911 0,8305 
19.50 4.625 1.42 J.55 81. + 50.7 1.2775 0.1951 
117.000 5:125 1.20 0.50 74.8 48.3 1.17%5 0.7581 
11.500 5.625 0.95 0.43 66.6 44.8 1.0450 0.7031 
ТЕ. 720 5.875 0.83 0-39 62.2 40. + 0.9768 0.6343 
INTEGRATED FLOW RATE = 47.98 СЦ. РТ/ЗЕГ 
= 3.441 LBM/SET 
АМЕКАСЕ VELOCITY = 63.72 FT/SEC 
PRIMARY FLOW RATE, WP = 1.970 LBM/SEC 
PRIMARY VELOCITY, UP = 113.64 FT/SEC 
MOMENTUM FACTOR. KM = 1.016 


(c) S/D= 0.25; UPT Mach No.= 0.034 
TABLE X. Continued. 
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DATA TAKEN ON 23 MAY 1977 Зу М| КЕ МП55 


% NOZZLE: S/D= 0.5: L/D= 3.05 MACH NO = 0.0€3 
AM8IENT PRESSURE = 29.865 IN.HGA, TEMPERATURE = 84.0 OEG.FAHR 
PRIMARY (UPTAKE) TEMPERATURE - 113.7 DEG.FAHR 
X R PTA РТВ VA ve МА/МАМ VB/VAV 
I NCHES IN.H2N FT/SEC 
0.0 5.875 3.20 1-30 123.2 94.9 0.9886 0.7618 
0.500 75.375 4.20 2.40 141.1 196,7 1.1326 0.8562 
1.000 4.875 4.70 2.60 149.3 111.0 1.1981 0.8911 
1-500 4.375 5.10 2.80 155.3 115ь2 1.2481 0.9248 
2.990 3.875 5.49 3.15 169.0 122.2 1.2843 0.9809 
2.500 3.375 5.00 3,307 154.0 125.1 1.2358 1.0040 
3.000 2.875 4.60 3.60 147.7 130.6 1.1853 1.0486 
325007 2375 О 3.80 139.4 134.2 1.1192 1.0773 
4.000 1.875 3.70 3.60 132.4 130.6 1.0631 1.0486 
4.500 1.375 3.50 3.43 128.8 127.0 1.0339 1.0191 
5.000 0.875 3.20 О2О 23:2 125.2 0.9886 0.9886 
5.500 02275 3.10 3.1.07 2172162 121.2 029731059731 
6.009) 0.125 3.00 3400 113.3. 119.3 0.9512 0.9572 
6.500 0.625 3.10 L5 ПОГ 122.2 0:9731 0.9807 
72800 1.125 3.40 9532 1071507 712526 1.0191 1.0085 
7.500 1.625 3.80 3.40 134.2 127.) 1. 0173 1.2191 
34090. 2.125 4.30 2230 «142.8 125.1 1.1460 1.0040 
8.500 2.625 4.80 3.00 150.8 119.3 95208 0999712 
9.000 3.125 5.20 Zar Omir. O 7113221 1.2603 0.9081 
9.500 3.625 5.10 Z395 155,5 -105.5 1.2481 0.8472 
13.099 4.125 4.50 2.29 146.1 97.4 172% Э. 7916 
10.509 4.625 290 1.90 136.0 94.9 1.0914 0.7618 
000” 52125 3.40 1.60 127.0 erel 1.0191 0.6991 
11.500 5.625 2.40 L240 106.7 81.5 0:8562 0.5539 
11.750 5,875 2.40 1.30 106.7 (8.5 0.8562 0.6301 
INTEGRATED FLOW RATE = 93.81 FU.FT/SEC 
= 6.624 LB4/SEC 
AVERAGE VELOCITY = 124.59 FT/SEC 
PRIMARY FLOW RATE, WP = 3.712 LSM/SEC 
ЕМ ЗМЕН Те UP = 213.89 FI/SEC 


MCMENTUM FACTOR, 


(d) 


TABLE X. 


KM 


= 1.021 


Continued. 


159 


S/D= 0.5; ОРЕ Mach) No.= 0.064 





4 NO 


ХІМ 
0.0 
9.500 
1.000 
1.500 
2.000 
2.590 
3.000 
3.500 
4.000 
4.500 
5.099 
5. 500 
6.000 
6.50Ј 
7.000 
1.500 
8.000 
8.500 
9.909 
9.500 

10.000 
19.500 
11.000 
11.500 
11.750 


DATA TAKEN ON 9 JUME 1977 ду MIKE MESS 

ZZLE: 5/0= 275: (/0= 3.0: МАСН МО = 0.063 
AMBIENT PRESSURE = 29.890 IN.HGA, TEMPERATUR 
PRIMARY (UPTAKE) TEMPERATURE = 108.0 DEG. FAHR 

CHES” Мн УЁт/<єс S SIBI 
5.875 3. 70 2.00 131.4 96.6 1.3243 
5.375 4.40 2.60 143.3 110.2 1.1170 
4.875 4.90 2.89 151.3 114.3 Lelie? 
4.375 4.90 3.00 151.3 118.4 1217287 
3.875 4.90 3.304" 151.3 124.1 121797 
3.375 4.90 3:950 151:3 127.8 1.1787 
2.8715 4.70 3.80 148.1 133.2 1.1544 
0319 4.50 43.00 145.0 136.7 1.1296 
1.875 4.30 +.10 141.7 138.4 1.1042 
1.375 4.20 4.00 140.0 136.7 1.0913 
0.875 4.09 3.99 136.7 134.9 1.0650 
0.375 3.90 3.80 134.9 133.2 1.0516 
0.125 3.80 3.80 133:2 133.2 1.0380 
9.625 5.80 3.809 7135.2 132.2 1.0389 
1.125 4.00 3.308 153027 22133.2 1.0650 
1.625 4.10 85/9 188460 192,32 1.0782 
2.125 4.30 32504 тато т 12907 1.1042 
2.625 4.70 3:25 148.1 123.2 1.1544 
3.125 4.90 3.00 151.3 118.4 1.1787 
3.625 5.00 2-60 152.8 110.2 1.1907 
4.125 4.90 2.300389 151.3 10306 1.1787 
4.625 4.30 2.19 141.7 274) 1.1042 
5.125 3.70 2.00 131.4 96.6 1.0243 
5.625 3.00 1.60 118.4 86.4 0.9223 
5.875 3.00 1.6) 118.4 86.4 929223 


INTEGRATED FLOW RATE 26:63 CU FI SEC 


6.927 EBM/SEC 
L28533 FI/SEL 


AVERAGE VELOCITY 


PRIMARY FLOW RATE, WP = 3.763 LBM/SEC 
PRIMARY VELOCITY. UP = 214.75 FT/SEC 
MIMENTUM FACTOR. KM = 1.015 


(e) S/D= 0.75; UPT Mach No.= 0.064 


TABLE X. Continued. 
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Е 


VB/VAV 


Y. 15931 
0.858€ 
0.3919 
0.9223 
0.9€73 
0.9962 
1.0280 
1.0650 
1.0782 
1.9620 
1.0516 
1.0380 
1.0380 
1.3380 
1.0380 
1.0312 
1.0103 
0.9€00 
0.9223 
0.8586 
0.8076 
ОРЕХ 
0.1531 
О-Е 736 
0.6736 


72.0 DEG.FAHR 





(f) 
TABLE X. 


ow 


Continued. 


MOSS 


0.934 


TEMPERATURE = 
116.9 DEG. FAHR 


МА/МАМ 


1.0150 
1.1168 
1.1643 
1.1874 
т. 197% 
1.1643 
1.1448 
1.1168 
1.1021 
1.0922 
1.0671 
1.0517 
1.0517 
50517 
1,0772 
1.0922 
1.1168 
1.1592 
121.082 


| 1.1874 


121736 
1J.1512 
1.0514 
0.9019 
C. 9019 
СЕ 


DATA TAKEN ON 9 JUNE 1977 BY MIKE 
BeOZZLE; S/D= „15: L/D= 3.0: MACH NO = 
AMBIENT PRESSURE = 29.890 IN.HGA, 
PRIMARY (UPTAKE) TEMPERATURE = 
XT NCHES РТ мана, УЁт/$єс 
090 5.875 0.95 0.53 6668 49.9 
0500 5:375 (111.15 0.66 73.5 55.7 
1.000 4.875 1.25 0.73 76.7 58.6 
БОО 5215 1:30 9.78 78.2 60.6 
2000 3.875 1.30 0.82 18.2 62.1 
2.500 3.375 1.25 0.88 76.7 64.3 
3.000 2.875 12202 9-95 115,1 166.8 
3.500 2.375 1.15 1.00 73.5 68.6 
ООО вто 1.12 1.05 72.6 70.3 
ВО: 315 ^ 1.10. 1.05 771.9 70.3 
5.900 0.875 1.05 1.03 70.3 69.6 
5550 0.35 1.02 1.31 69.2 68.9 
5.000 0.125 1.02 1.01 69.2 68.9 
В 2000. 625 1.02 1.02 69.2 69.2 
ODO Pas 1.07 1.22 10.9 69.2 
[7500 17425 1.10 ai | 71.9 68.9 
ВОО 2125 1215 0597 13.5 -67.5 
81500 2.625 1.22 9288 75.7 64.3 
20005125 1,28 0.80 77.6 es 
5.525 1.30 0.13 18.2 54.6 
lO 000 4.125 1.27 0.63 77.3 5424 
292500 42625 1.18 0.55 74.5 50.8 
11.000 5.125 1.00 29.53 68.6 49.9 
11.500 5.625 0.75 0.43 59.4 45.0 
1750985 575 10.75 0.50 59.4 43.4 
INTEGRATED FLOW RATE = 49,58 CU.F 
= E30539 4:3 
AVERAGE VELOCITY = 65.84 FT/SFC 
PRIMARY FLOW RATE, WP = 1.265 LBM/SEC 
PRIMARY VELOCITY, UP = 113.69 FT/SEC 
MOMENTUM FACTOR, KM = 1.015 


$/D= 0.75; UPT Mach No.= 0.034 


70.0 ОЕС.РАНК 


VB/VAV 


0.7581 
0.3460 
0.8898 
0.9197 
0.9430 
0.9769 
1.2152 
1.041% 
1.0671 
1.2671 
Г20569 
1.0466 
1.0466 
120517 
Lossbt 
1.0466 
1.0256 
9.9769 
0.9214 
0.8898 
0.8264 
O. 7723 
0.7581 
0.6829 
0.6586 





DATA TAKEN ON 12 JULY 1977 BY MIKE MOSS 


4 NOZZLE: S/D= 1.0; L/D= 3.0; MACH МО = 0.063 
AMBIENT PRESSURE = 29.910 IN.HGA, TEMPERATURE = 70.0 DEG.FAH® 
PRIMARY (UPTAKE) TEMPERATURE = 197.9 DEG.FAHR 
X R PTA РТВ VA vB VA/VAV  VB/VAV 
INCHES IN.H29 FT/SEC 

0.0 5.875 3.10 1.90 120.1 24.0 0.9968 0.7804 
0.500 5.375 3.60 242072129242 291,2 1.0742 0.8397 
1.000 4.875 4.00 2.40 136.4 105.7 1.1323 0.877) 
1.500 4.375 4.10 2.50 138.1 107.9 1.1463 0.8951 
2.090 3.875 4.10 2.19 0 5.1, 112.1 1.1263 0.9302 
2:500 "3.375 4.00 2-80 136.4 114.2 141323 0.9473 
3.000 2.875 3.90 3.00 134.7 118.2 1.1180 0.980€ 
3.500 2.375 Sale 32292. 32.1) 123. 0 1.0963 1.3206 
4.000 1.875 3.65 3.35 130.3 124.9 1.0816 1.0362 
4.500 1.375 3.55 3.40 128.5 125.8 1.0667 1.0439 
5.000 0.875 3.50 3.50 127.6 127.6 120991. 1.9591 
5.500 0.375 3.50 РОШ Асе 12026 1.0591 1.0591 
6.099 0.125 3.50 3.50: 127.6 127,6 120591 1.9591 
6.500 0.625 3.55 3.50 128.5 127.6 1.0667 1.0591 
7.000 1.125 3.60 3.50 129.4 127.6 1.0742 1.0591 
7.500 1.625 3.65 3.40 130.3 125.8 1.0816 1.0439 
8.000 2.125 3.80 3.30 133.0 123.9 1.1036 1.028% 
8.500 2.625 3.84 3.10 ' 133.7 120.1 1.1094 0.9968 
9.009 3.125 3.90 2665 134.7 115.2 1158077059557 
9.500 3.625 4.00 2.5 136.4 111.1 121323 0%93216 
10.000 4.125 3.85 2.50 133.9 107.9 J 1105 020851 
10.500 4.625 3.75 2.40 132.1 105.7 1.9963 09.8779 
11.000 5.125 3.40 2.20 125.8 101.2 1.0439 088391 
11.5905 5.625 3.00 2.09 118.2 96.5 3.9806 0.8006 
O E IES 2.20 1.60 101.2 86.3 0.8397 0.7161 


INTEGRATED FLOW RATE Эба CUA SEC 


ВЕС 


"nu 


AVEFAGEGVEESCITY. s 120.51 FTZSEC 
PRIMARY FLOW RATE, WP = 3.761 | ВМ/<ЕС 
PRIMARY VELOCITY, UP = 214.09 FI/SEC 
MOMENTUM FACTOR, KM = 1.008 


(9) S/D= 1.0; UPT Mach No.= 0.064 


ШАРБЫ Continued. 


152 





+ NOZZLE: 


DATA TAKEN ON 1 AUGUST 1977 


$/0= -.25; L/D= 3.0; 


AMBIENT PRESSURE = 29.909 IN 
PRIMARY (UPTAKE) TEMPERATURE 


WITH TRENSITIONS 


eHGA, 


inches" Eod VET/SEC. 
0.0 5.875 2.00 9.59 97.0 48.5 
7.5939 5.313 2.59 9.90 108.5 65.1 
1.000 4.875 3.50 1.10 128.4 72.0 
1.500 4.375 4.40 12507 143.9 84.0 
2.990 3.875 5.70 2839 163.8 Ea 
2200 3315 6.30 2.30 172.2 104.1 
3.000 2.875 5.50 3.00 174.9 118.8 
383500 2.375 6.20 3920 (170.8 128,4 
4.000 1.875 5.50 3200276029 135.5 
4.500 1.375 4.90 #197 2121.57 138.9 
5.000 0.875 4.50 4.10 145.6 138,9 
5.500 0.375 4.00 3.80 137.2 133.8 
6.09 0.125 3989 3.732 133:3 13220 
6.500 0.625 3.30 3.40 124.6 126.5 
7.000 1.125 3.20 3430 122.27 124.6 
т. 200 1.625 3.30 3.30 124.6 124.6 
8.000 2.125 3.50 3.30 128.4 124.6 
8.500 2.625 4.30 3.40 142.3 126.5 
3.000 3.125 5.30 5 2 У 0 (58507 12456 
24900. 34625 6.29 3.00 170.8 118.8 
19.0902 4.125 6.70 2.40 177.6 136.3 
10.500 4.625 6.10 1.90 169.5 96.6 
11.000 5.125 %.80 1.40 150.3 81.2 
11.2500 5.625 3.60 1.90 130.2 68.6 
112750752875 3.30 0.70 124.6 57.4 


TABLE XI. 


INTEGRATEO FLOW RATE 


AVEFAGF VELOCITY = 
PRIMARY FLOW RATE, 
PRIMARY VELOCITY. 
MOMENTUM FACTOR, 


WP = 
UP = 
KM = 


(a) 


163 


G SCIT LBM 


122296 FT/SEC 
32. 735 ЕВМИЗЕС 

A Ply See 
75401272 


НҮ КЕК ЕШМ УС 


TEMPERATURE = 
= 114.9 DEG.FAHR 


VA/VAV 


0.7918 
0.8852 
1.0474 
1.1744 
123365 
1.4052 
1.4273 
1.3943 
1.3130 
1.2393 
11876 
1.1197 
1.091 
1.0170 
1.0015 
1.0170 
1.0474 
1.1509 
1.2889 
1.3940 
1.4491 
1.3827 
Га 22226 
1.9622 
1.0170 
ЕС 


5/0= -0.25; УРТ Mach No.= 0.064 


MACH МО. = 


VB/VAV 


023952 
0.5311 
0.5872 
0.6857 
0.7511 
0.8491 
0.9697 
1.9474 
1.1056 
1,1336 
1% 12:36 
1.0914 
1.0769 
1.0323 
1.0170 
1.2170 
1.0170 
1.0323 
1.0170 
0.9697 
0.8673 
0.7717 
0.€624 
0.5599 
0.4684 


Tabulated Velocity Profile Data for L/D= 3 
with an Entrance Transition 


.063 


75.0 DEG. FAHR 





DATA TAKEN ON 1 AUGUST 1977 BY MTKE MOSS 


4 NOZZLE; S/D= 9.03 L/D= 3.05 WITH TPAMETTTON: MACH NO. = 0.063 


AMBIENT PRESSURE = 29.909 1М.НСА, TEMPERATURE = 95.9 DEG.FAHR 


PRIMARY (UPTAKE) TEMPERATURE = 133.0 DEG.FAHR 
X R PTÀ РТВ VA VB МА/МАМ  МВ/МАМ 
ІМСНЕЗ I N.H20 FT/SEC 
9.0 5.875 2.20 1.10 103.5 132 0.8263 0.5843 
0.500 5.375 2.60 15200 112.5 76.5 0.8982 0.6192 
1.000 4.875 2.80 1.30 116.8 79.6 0.9322 0.6352 
12500 4.375 4.30 1.59 144.7 85.5 120552 70.5823 
2.000 3.875 2050 1.90 160.7 36.2 l.2825 0.7679 
2.500 3.375 5.60 2.30 165.2 105.3 1.3183 0,8448 
3.309 2.875 6.20 3.00 171.0 120.9 1.2645 0.9649 
30500 72.375 5.90 3.60 169.5 132.4 12355] 1.0570 
+.000 1.875 5.50 +.20 163.7 143.0 1.3064 1.1416 
4.500 1.375 5-10 2.40 157.6 146.4 1.2580 1.1685 
5.000 0.875 4.60 4.69 149.7 149.7 1.1948 1.1948 
5.200 02375 4.+0 +.50 146.4 148.1 1.1685 1.1817 
6.000 0.125 4.10 4.30 141.3 144.7 1,1239 1.1552 
6.500 0.625 3.80 4.10 136.1 141.3 1.0859 1.1280 
7.00 1.125 3.60 3.90 132.4 137.3 1.0570 1.1001 
7.500 1.625 3.50 3.80 130.6 136.1 1.0422 1.0859 
8.000 2.125 3.80 3.60 136.1 132.4 1.0859 1.0570 
8.500 2.525 4.20 3.52 143.9 130.6 1.1416 1.0422 
9.000 3.125 5.00 3-30 156.1 126.8 1.2456 1.0129 
9.500 3.625 5.80 2.90 168.1 118.9 1.3416 0.9487 
10.000 4.125 6.10 2.40 172.4 198.1 1.3759 0.8639 
10.500 4.625 5.90 2.00 169.5 98.7 1.3531 0.7878 
11.200 5.125 4. TO 590 151.5 85.5 1.2077 0.6823 
11.500 5.625 3.60 1.20 132.4 iu 5 1.0570 0.6102 
11.750 5.875 3.20 0.90 124.9 6€.2 0.9965 0.5285 
INTEGRATED FLOW RATE = 94.35 CU.FT/SEC 
= 6.482 L8M/SEC 
AVERAGE VELOC. TY =) 125.30 FT/SEC 


PRIMARY FLOW RATE, WP = 
PRIMARY VELOCITY, UP = 
MOMENTUM FACTOR, KM = 


32087 Е ЗМИЗЕС 
219560 FEASEC 
1.042 


(b) S/D= 0.0; UPT Mach No.= 0.064 


TABLE XI. Continued. 
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4 NOZZLE: 


5/0+ 


225: 


L/D=3.0; 


AMBIENT PRESSURE = 


PRIMARY (UPTAKE) TEMPERATURE = 


X Е 
INCHES 
9.0 5.815 
0.500 5.375 
1.000 4.875 
1.500 4.375 
2-000 3.875 
2.509 3.375 
3.000 2.875 
3.500 2.375 
4.900 1.875 
4.500 1.375 
5-000 0.875 
5.500 0.315 
6.000 0.125 
6.500 0.625 
7.000 1.125 
1.500 1.625 
8.000 2.125 
8.500 2.625 
92000, 3.125 
9.500 3.625 
10.000 4.125 
19-590 4.625 
11.000 5.125 
11.500 5.625 
212750 5,875 


INTEGRATED FLOW RATE 


PTA PTB 
IN. H20 
2.50 1.30 
3.50 1.20 
4.10 1.60 
4.60 1.80 
5.00 2.00 
5.20 2.80 
5.20 3.30 
5.00 3.90 
4.85 4.25 
4.70 4.50 
4.50 4.60 
4.30 +.40 
4.00 4.20 
3.99 4.20 
3.80 3.90 
4.00 3.90 
4.20 3.8) 
4.60 3.60 
5.00 3.30 
535 2.90 
5.25 2.50 
4.80 2.00 
4.10 1.80 
3.30 1.€0 
2. TO 1.20 


AVERAGE VELOCITY = 
PRIMARY FLOW RATE, 


PRIMARY VELOCITY, 
MOMENTUM FACTOR, 


(с) 


KM 


TABLE XI. 


UP 


DATA TAKEN ON 2 AUGUST 1977 


BY MIKE 


WiTH TRANSTTTCNS 


29.930 IN.HGA, 


VA v3 
ЕШ ЗЕС 
108.2 78.0 
128.0 75.0 
138. é 81.0 
146.8 91.8 
153.0 96.8 
156.0 114.5 
156020. 7112623 
15320 135.1 
150.7 141.1 
148.4 145.2 
145.2 146.8 
141.9 143.5 
136.9 140.2 
135.1 136,9 
ete PSD et 
136+9 135.1 
140.2 133.4 
146.8 129.8 
153.0 124.3 
198,5 116.5 
156.8 108.2 
149.9 96.8 
138.6 91.8 
124.3 86.6 
112.4 12.0 


93.55 CU: FT/SEC 
5. 589 ЕВ МЕС 


124.28 FT/SEC 


= 2.746 LBM/SEC 


= 214. 


ОТЕТ SEE 


1.029 


t65 


Continued. 


S/D= 0.25; UPT Mach No.= 0.064 


Mass 
MACH NO. = .063 
TEMPERATURE = 72.0 
112.0 ПЕС. РАНЕ 
VA/VAV VB/VAV 
0.8706 9.6278 
1.0301 0.6032 
1:18:49 0.65515 
1.1809 0.7387 
1.2312 0.7787 
1.2556 0.921+ 
1.2556 1.0002 
1.2312 1.0874 
122126 121351 
1.1937 1.1680 
1.1680 1.1809 
1.1418 1.1550 
1.1012 1.1284 
1.0874 1.1012 
1.0733 1.0874 
1.1012 1.0874 
12894 1.9733 
1.1809 1.0447 
1.2312 1.0002 
1.2736 0.9377 
1.2616 0.8706 
1.2063 0.7787 
1.1149 0.7387 
1.0002 0.58965 
9.9948 0.6032 


DEG. FAHR 





4 NOZZLE: 5/0= „25; L/D=3.0; WITH TRANSITION: 
AMBIENT PRESSURE = 29.930 IN.HGA, 
РЕТМАРҮ (UPTAKE) TEMPERATURE 

X R PTA РТВ МА V8 

INCHES IN. H20 ETZSEC 
0.0 5.875 0.65 0.33 55.7 39.1 
0.500 5.375 0.73 0.35 59.0 40.9 
1.000 4.875 9.93 9.42 66.6 44.8 
1.500 4.375 1.15 9.50 74.1 48.8 
2.200 3.875 1025 0.57 ша 2 52.1 
2.500 3.375 1.40 0.73 81.7 59.0 
3.000 2.875 1.45 9.88 3322 64. 8 
3250 2.375 1.45 1.99 83.2 69.1 
%.000 1.875 1:33 1.13 79.6 73.% 
4.500 1.375 1.30 1.17 КВТ 74.7 
5.090 0.875 1.25 1-217 77.2 77.8 
5.500 0.375 1.22 1225 76.3 2 
6.900 0.125 1.18 1.20 75.0 Toei 
6.500 0.625 1.15 1.18 74.1 75.0 
7.000 1.125 1.12 1.16 73.1 74,4 
7.500 1.625 1.10 1.16 72.4 74.4 
8.000 2.125 1.22 1.14 76.3 nos 
8.500 2.625 1.28 1.10 78.1 72.4 
9.099 3.125 1.38 1.09 81.1 69.1 
9.500 3.625 1.44 0.90 83.4 65.5 
10.000 4.125 1.47 0.75 83.7 59.8 
10.500 4.625 1.33 0.63 19.6 54 „8 
11.000 5.125 1.13 0.55 73.4 51. 2 
11.500 5.625 0.93 9.47 66.6 47.3 
11.750 5.875 0.77 0.35 60.6 40.9 

INTEGRATED FLOW RATE 29.60 С 


DATA TAKEN ON 2 AUGUST 1977 


ни 


AVEFAGE VELOCITY = 
PRIMARY FLOW RATE, 
PRIMARY VELOCITY. 
MOMENTUM FACTOR, 


WP = 
UP = 
KM = 


(d) 
TABLE XI. 
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3 281 Lan 

65.87 FT/SEC 
1.949 LBM/SEC 

119.20 Е: /ЗЕС 
1.029 


Continued. 


ВИИ КЕ MOSS 


TEMPERATURE = 
= 124.) DEG. FAHR 


VA/VAV 


0.8453 
0.8958 
1.0111 
1.1243 
21-22 
1.2406 
1.2625 
1.2625 
1.2091 
1.1954 
1.1722 
1.1581 
1.1389 
1.1243 
1.109€ 
1.0996 
1.15831 
1.1862 
1.2317 
1.2669 
122712 
1.2091 
1.1145 
1.0111 
0.9200 


[SFC 
EG 


9/D= 0.25; UPI Mach No.= 0.034 


MACH NO. = 


VR/VAV 


0.6023 
0.€203 
0.5795 
0.7414 
0.7916 
0.8958 
0- 9835 
1.0485 
1.1145 
1.1341 
1.1816 
122 
1.1485 
1.1389 
121292 
1.1292 
1.1194 
1.0996 
1.3485 
0.9947 
0.9089 
0.8322 
0.7116 
9.7188 
0.5203 


‚ 033 


80.0 


O&G.FAHR 





DATA TAKEN ОМ 2 AUGUST 1977 BY MIKE MASS 


4 NOZZLE: S/D= „5; L/D= 3.05 WITH TRANSTTICNS MACH NO. = .063 


AMBIENT PRESSURE = 29.930 1М.НСА, TEMPERATURE = 90.0 DEG.FAHR 
PRIMARY (UPTAKE) TEMPERATURE = 119.0 ГЕС.РАНЕ 
X R PTA PTB VA VB УВ/МАУ VB/VAV 
INCHES I N. H20 FT/SEC 

0.0 5.875 2.70 1.40 113.6 81.8 0.8997 0.6479 
0.500 5.3 75 3.40 Пето 127.5 90.2 1.0096 0.7139 
1.000 4.875 4.10 2.00 140.0 97.8 1.1037 0.7744 
1.509 4.375 4.40 2.40 145.0 107.1 1.1486 0.8483 
2.000 3.875 4.80 2:90 19145 11.8 1.1996 0.9324 
2.500 3.375 5.00 3.30 154.6 125.6 1.2244 0.9947 
3.020907 2.2845 5.90 3.5) 154.6 129.4 1.2244 1.924% 
34500) 2.379 4.95 4.00 153.8 138.3 1.2182 1.0951 
4.000 1.875 4.80 4.40 151.5 145.0 1.1996 1.1486 
4.500 1.375 4.70 4.50 149.9 146.7 121971. 151615 
5.000 0.875 4.50 4.50 146.7 14€.7 1615 1.1€15 
5.500 0.375 4.30 4.40 143.4 145.0 1.1354 1.1486 
6.000 0.125 4.10 4.20 140.0 141.7 1.1087 1.1221 
6.500 0.625 4.00 4.10 138.3 140.0 120951 1.1087 
7.300 1.125 4.00 4.29 138.3 138.3 129951 1.095] 
1725007 1.625 4.10 3.90 140.0 136.6 1.1087 1.0813 
8.000 2.125 4.30 3.60 143.4 131.2 1.1354 1.0389 
82500 2.625 4.60 3:82 148.3 127.8 1.1744 1.9096 
92000 3.125 2.90 3.00 153.1 119.8 1.2121 0.9484 
9.50 3.625 4.95 2.60 1153.8 11.5 1.2182 0.58329 
19.000 4.125 4.75 2-30 150.7 104.9 1.1934 0.8304 
10.500 4.625 4.30 2.00 143.2 97.8 1.1354 0.7744 
11.000 5.125 За то 1.89 1733.9 94.) 1.0603 0.7448 
1125907 5.625 3.10 1.60 121.7 87.5 0.9641 0.6926 
SO 5.875 2.80 1.20 1115.7 loer 0.9162 0596098 


INTEGRATED FLOW RATE gSa DCU ETA SEC 


6.651 LRM/SEC 
AVERAGE VELOCITY = 126.28 FT/SEC 


PRIMARY FLOW КАТЕ, ЯР = 3.725 L9M/SEC 
PRIMARY VELOCITY, UP = 216.38 FT/SEL 
MOMENTUM FACTOR, KM = 1.022 


(e) S/D= 0.50; UPT Mach No.= 0.064 
TABLE XI. Continued. 
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DATA TAKEN ON 1% JULY 1977 ВУ MIKE MOSS 


4 NOZZLE: S/D= 0.00: L/D= 2.0: MACH MJ. = 0.063 
AMBIENT PRESSURE = 29.900 IN.HGA, TEMPERATUR 
PRIMARY (UPTAKE) TEMPERATURE = 106.0 DEG.FAHR 
A INCHES" РТА NeH20 5 YET/SEC. aa 
0.0 5.875 2.90 0-65 116.0 54.9 1.1366 
Ко Кы о БЕ у то 4127.4 57.) 1.2487 
Е-Е 20 5090 125 60.9 1.4001 
БОП ВО 100 1220 68.1 1.6075 
ЖС аге 559 120 Tel. 75.6 1.5795 
ӘНІ 510 1250 ІЗГІ 53.2 1.3515 
ЕВ 33529 1.60 117,9 86.1 1.1561 
а = то 230 1.40 110333 80-6 1.0123 
O 150 112 9.4 | 71.4 0.8955 
4.509 1.375 1.50 2.90 83.4 64.6 0.8175 
OJO 5 575 1.00 0.65 68.1 54.9 0.6675 
5.500 0.375 0.50 0.50 48.1 48.1 0.4720 
ЕП 0.125 0.45 0,55 45.7 45.7 0.4477 
Оо 0.50 43.1 Аз 0.4221 
125 028 955 53.1 50.5 0.4221 
ЕНШІ 625 5950 0.75 48.1 59.0 0.4720 
as 0.75 (31.10 | 59.0 71.6 0.5780 
ЕЕЕ 22025 130 1.40 17.6 80.6 0.7610 
9.000 3.125 2.20 1.70 101.0 88.3 0.9900 
Кл сИз о 185 125.6 92-6 di 
ЕЕ ТОБА 522 1.75 152.3 90.1 1.4925 
МО оса с26 8.30 1.70 170.9 48.8 MES 
Ши порта 6.10 1-60 168.2 . 86.1 1.6485 
Ш50 5:2: 4.50 1.50 146.0 82.4 ИБ 
О 5315 Оз уо 1.20 117.9 74.6 eee 
INTEGRATED FLOW RATE = 76.82 CU.FT/SEC 
= 5.54€ LBM/SEC 
AE ОЕ УЕРОСТТУ = 102.02 ЕТИЗЕС 
PRIMARY FLUW RATE, WP = 3.776 LBM/SEC 
PRIMARY VELOCITY, UP = 214.66 FT/SEC 
MOMENTUM FACTOR, КМ = 1.088 
(a) S/D= 0; UPT Mach No.= 0.064 
TABLE XII. Tabulated Velocity Profile Data for 


Without an Entrance Transition 
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E 66.0 OEG.FAHR 


VB/VAV 


0.5381 
0.5584 
0.5970 
0.6675 
9.7312 
0.8175 
0.3443 
027378 
0. 7000 
06332 
055381 
0.4720 
0.4477 
0.4221 
0.+950 
Остао 
0. 7000 
9.7898 
0.8703 
0.9078 
0.8839 
0.8703 
0.3443 
Оса 
021312 


L/D= 2 





DATA TAKEN 


ON 14 JULY 1977 


BY MTKE MASS 


4 NOZZLE: S/D= 0.25: L/D= 2.0; MACH MQ. = 3.963 
AMBIENT PRESSURE = 29.900 IN.HG^, TEMPERATURE = 66.0 DEG.FAHR 
PRIMARY (UPTAKE) TEMPERATURE * 106.0 DEG.FAHR 
X R PTA РТВ МА V8 VA/VAV VB/VAV 
INCHES IN.H20 FT/SEC 
2.2.9 5.875 1.90 2232 93.9 49.3 0.8466 0.3634 
0.509 5.375 2.00 0.50 96.3 48.1 0.8686 0.4343 
1.000 4.875 2.90 0.60 116.0 52.7 1.0460 0.4758 
1.500 4.375 4.80 0.90 149.2 64.6 1.3457 0.5827 
2.000 3.875 6.00 1.30 166.8 71.6 1,5045 0.7003 
2.59) 3.375 6.60 1.89 174,9 91.4 1.5779 0.8240 
3.000 2.875 5.80 2.10 154.0 98.1 1.792 7028901 
3.500 2.375 4.70 2.90 147.€ 116.0 1.331€ 1.0460 
4.000 1.875 3.62 2 28001 125.2 113.9 1.1654 1.9278 
4.500 1.375 3.10 2 .З0 19-3 (113.9 1.0814 1.0278 
5.000 0.875 2.60 2.40 109.8 195.5 С. 9904 0.9515 
5.500 0.375 2.90 2.2) 96.3 191.9 9.8686  0.9110 
6.000 0.125 1.70 1.80 88.8 91.4 0.8008 0.8240 
6.500 0.625 1.40 1.70 80.6 88.8 0.7267 0.8008 
7.000 1.125 1.40 1.70 80.5 88.8 0.7267 0.8008 
72500 1.625 1.80 2.19 91.4 98.7 0.8240 0.801 
8.029 2.125 2.80 с 2500 11829 107. 7 1.0278 0.9711 
8.500 2.625 3.50 3.00 127.4 117.9 1.1591 1.0638 
9.000 3.125 4.70 а ПОТИ Е 11955 1.331€ 1.081% 
9.500 3.625 6.90 32.007 166,8 117,9 1.5045 1.3638 
10.000 4.125 6.30 2250) 170.9 107.7 1,5416 0.211 
10.500 4.625 5.30 1.90 156.8 garg 1.4140 0.8466 
11.000 5.125 3. 90 1.%0 134.5 80.5 1.2139 0.7267 
ШЕ 500 5.625 2.30 ТО.) 71.4 1.0278 0.6442 
11.75) 5.875 2.40 9.80 105.5 60.9 0.9515 0.5494 
INTEGRATED FLOW RATE = 83.48 CU.FT/SEC 
Е ЧС 


AVERAGE VELOCITY = 110.86 FT/SEC 
PRIMARY FLOW RATE. МР = 3.768 LBM/SFC 
PRIMARY VELOCITY, UP = 214.18 FT/SEC 
MOMENTUM FACTOR, KM = 1.070 


(b) S/D= 0.25; UPT Mach No.= 0.064 


TABLE XII. Continued. 
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DATA TAKEN ON 14 JULY 1977 BY MIKE MOSS 


4 NOZZLE: S/D= 0.25: L/D= 2.0; MACH NO. = 0.034 
AMBIENT PRESSURE = 29.900 IN.HGA, TEMPERATURE = €6.0 DEG.FAHR 
PRIMARY (UPTAKE) TEMPERATURE = 116.0 DEG.FAHR 
X R PTA PTB VA V8 УА/УАУ VR/VAV 
INC HES IN.H2O ЕТ/ЗЕС 
0.0 5.875 0.50 0.08 48.4 19.4 0.7935 0.3174 
02500752375 0.65 0.11 25.2 22.1 0.9047 0.3722 
1.990 4.875 0.95 0.15 66.7 2655 1.2937 9.4345 
1.500 4.375 1.30 0.25 718.0 34.2 1.2794 0.5611 
2.000 3.875 1.85 0.37 93.1 41.6 1.5263 0.6826 
2.500 3.345 1.95 0.52 95.6 49.4 1.5679 0.8992 
3.000 2.875 1.70 0.05 89.2 55.2 1.4631 0.9047 
3.500" 2.375 1.40 9.77 81.0 60.1 1.3277 0.9847 
+.000 1.875 1.15 0.80 13.4 61.2 1.2033 1.00327 
4.500 1.375 0.95 0.75 66.7 2973 12.0937. 0.2718 
5.020 0.875 0.80 9.70 1.2 57.3 1.0037 0.9388 
5.500 0.375 0.60 0.63 53.0 54.3 0.8692 0.8507 
6.000 0.125 0.50 0.55 48.4 50.8 С: 71935 0.8322 
6.500 0.625 0.45 0.48 45.9 47.4 9.7527 0.7774 
1.909 12125 0.47 9.50 46.9 48.4 0:7693 0.7935 
7.500 L1.625 2.60 2.60 523.) 33.0 C.8692 0.8692 
8.000 2.125 0.88 0.75 64.2 59. 1.0526 9.9718 
8.500 2.625 1.20 0.85 75.0 63.1 1.2292 1.0346 
9.009, 3.125 1.6.) 9.87 86.6 63.8 1.4194 1.3467 
94500 3.625 1.95 0.80 95.6 61.2 1.5670 1.0037 
10.000 4.125 2.05 0.€7 98.0 56.0 196056 0.9185 
10.500 4.625 1.79 2/22 89.2 49.4 1463100958992 
1150007 5.125 1:25 0.40 16:9 43.3 1.2546 0.7097 
11.509 5.625 0.88 0.33 Є&.2 39. 3 1.0526 0.6446 
I. (050 54875 0.30 0.25 61.2 34.2 1.0037 0.5611 
INTEGRATED FLOW RATE = 45.93 CU.FT/SEC 
3.282 БЕМ/ЗЕС 
AVERAGE VELOCITY = 60.99 FT/SEC 


PRIMARY FLOW RATE, WP = 
PRIMARY VELOCITY, UP = 
MOMENTUM FACTOR, KM = 


1.967 L8M/SEC 
113.78 FT/SEC 
ШОТТ 


(с) S/D= 0.25; UPT Mach No.= 0.034 


oB E XII Continued. 
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DATA TAKEN ON 15 JULY 1977 


BYIN KE МО, 


4 NOZZLE: S/O= 0.50; L/D= 2.0; МАСН МО. = 0.063 
AMBIENT PRESSURE = 29.910 IN.HGA, TEMPERATURE = 66.0 DEG. FAHR 
PRIMARY (UPTAKE) TEMPERATURE = 105.0 DEG.FAHR 
X Е РТА РТВ УА УВ VA/VAV  VB/VAV 
INCHES IN.H20 FT/SEC 
0.0 эбэ 2.90 0.90 115.9 65.6 0.9503 0.5294 
0. 500% 5.315 4.10 l.12 137.8 71.4 1212393955852 
1.000 4.875 5.40 12222 158,1 СЭТ 1.2967 0.6483 
1.500 4.375 6.60 1.50 174.8 83.3 1.4336 0.6834 
2.000” 3.875 6.30 2, 0022117827 96.2 1.4658 0.7891 
2.5001 3.375 6.40 2.50 172.1 1107.6 1.4117 0.8823 
3.000 2.875 5.70 3.00 162,5 0117.9 1.39272 09665 
3.500 2.3753 4.80 5.03008 149.1: 125.5 102 225 21550137 
+.000 1.875 4.10 3.65» 137.8 130.0 1.1299 1.0661 
4.500 7 1. 315 3.39 3.45 123.6 126.4 120137 1.9365 
5.000 0.875 3.00 DS 122.5 0396655 150137 
5.500 0.315 2.05 9 ESO 0.9254 0.9503 
6.000 0.125 2.65 ¿. I) roga Liles 0.9984 0.9169 
6.500 0.625 2.80 2452 (11229 “110.8 0.9337 0.9084 
7.009 1.125 3.30 о ес 211559 120837 0.9503 
7.500 1.625 3.80 3225995132 0569 122.1 1.0878 1.0060 
8.000 2.125 4.60 3.99 145.9 128.2 1.1958 1.0514 
8.500 2.625 5.30 3255220156: 0 9128.2 1.2846 1.0514 
9.000 3.125 6.50 > [АЕ Рос 120.8 1.4227 0.9904 
7.200” 3.625 6.50 2.107 173.5 111.8 1.4227 0.9169 
10.309 4.125 5.80 Coco OS DOS 1.329359. 028277 
10.500 4.625 4.40 1.80 142.7 ез 1.1705 0.7486 
ШОЮ 5.125 die 30 1.40 123.6 80.5 1.0137 0.6602 
1125007 5.625 2.30 1.007 103.2 68.2 3.8463 9.528) 
11.750 5.875 2.10 0.80 98.6 60.9 0.8086 0.4991 
INTEGRATED FLOW RATE = 91.83 CU.FT/SEC 
= . БАМ SoC 


AVERAGE VELOCITY = 
PRIMARY FLOW RATE, 


PRIMARY VELOCITY, 
MOMENTUM FACTOR, 


(d) 


TABLE XII. 


KM 


МР = 
ОР = 


121.94 Fi/SEC 

STD CU RM SEED 
214526 Ғ?75ЕС 
= 1.059 


S/D= 0.50; UPT Mach No.= 0.064 


Continued. 
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DATA TAKEN ON 15 JULY 1977 BY MIKE MISS 


4 NOZZLE: S/O= 0.753 L/O= 2.0: MACH NO. = 9.063 
AMBIENT PRESSURE = 29.880 IN.HGà, TEMPERATURF = 86.0 DEG.FAHR 
PRIMARY (UPTAKE) TEMPERATURE = 119.0 DEG. FAHR 
X R PTA PTB МА VB VA/VAV VB/VAV 
INCHES IN.H20 FT/SEC 

9.0 2.815 3.85 12355. 015526 80.3 1.0786 0.6387 
0.500 5.375 3.95 1.20 (197.3 84.6 1.0925 0.6732 
1.000 4.875 5.15 1.75 156.8 91.4 1.2475 0.7272 
1.500 4.375 6.90 2.0) 169.3 97.7 1.3%65 0.777% 
2.000 3.875 6.35 2.30 174.1 104.8 1.3852 0.8337 
г: 001 32375 6.00 3.00 169.3 119.7 1.3465 0.9521 
3.000 2.875 5.40 5.20 160.6 123.6 27а 0.9833 
3.590 2.375 4.50 3.70 146.6 132.9 1.1661 1.0574 
4.009 1.875 4.20 3.93 141.6 136.5 1.1266 1.0856 
4.500 1.375 3.70 3475 O 135.8 1.0574 1.0645 
5.000 0.875 3.50 92602212923, 131.1] 1.0284 1.0430 
5.500 0.375 3.35 3:39 126:5 126.5 1.0961 1.9061 
6.000 0.125 28.35 39225 212625 —126.5 1.0061 1.0061 
6.500 0.625 3.50 3:90 129.3 129:3 1.0284 1.0284 
1.000 1.125 4.00 2:65 138.2 132.3 1.9994 1.9592 
7.500 1.625 4.40 4.00 144.9 138.2 1.1531 1.0994 
8.909 2.125 4.85 3-10 2 беса 713259 1.2106 1.0574 
8.500 2.625 5.60 >,.00.8163,5 1311 1.3008 1.0430 
9.000 3.125 5:95 3.10 168.6 121.7 1.3409 0.9679 
2200 25625 6.10 2.59 170.7 109.3 1,3577. 0,8692 
10.000 4.125 5.45 2:10 1613 100.1 1223533 0.7965 
10.500 4.625 4.30 1.70 143.3 90.1 1.1399 0.7167 
11.000 5.125 3.3) 1559901725.» 78.8 0.9986 0.6268 
11.500 5.625 2.30 1.20 104.8 15.7 0.8337 0.6022 
11.750 5.875 1.95 0.95 96.5 67.4 0.7676 0.5358 

INTEGRATED FLOW RATE = 94.66 СУ. РТ/ЗЕГ 

= 6.635 USM/SEC 

AVERAGE VELOCITY = 125.70 FI7SEC 

PRIMARY FLOW RATE, WP = 3.720 LBM/SEC 

PRIMARY VELOCITY, UP = 216.43 FT/SEC 

MOMENTUM FACTOR, KM = 1.039 


(e) S/D= 0.75; UPT Mach No.= 0.064 
TABLE XII. Continued. 
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DATA TAKEN ON 15 JULY 1977 


BY MIKE MOSS 


4 NOZZLE: S/D= 1.00: L/D= 2.03 MACH NO. = 0.063 
AMBIENT PRESSURE = 29.880 IN.HGS, TEMPERATURE = 
PRIMARY (UPTAKE) TEMPERATURE = 122.0 DEG.FÄHR 
X R PTA PTB VA VB МА/МАМ  МР/МАМ 
INCHES IN.H2O КЕЕ 

0.0 за В 15 3.80 1.40 134.8 81.8 1.0663 0.6472 
0.500 5.375 4.30 1.70 143.4 90.2 1.1343 0.7132 
1.2000 4.875 5.20 1:99) Би oot 952 1.2473 0.7549 
1550047315 5.60 2.20 163.6 102.6 1.2944 0.8113 
2.000 3.375 Sel 2.00. 2165.93 111.5 1.3116 0.3820 
2, 0003.3 T5 5.40 2.90 160.7 117.8 Тай Е 929315 
3.000 2.875 4.85 24207 2. >. 125.6 1.2046  0.9936 
3.500 2.375 4.40 2455 "135.1 130.3 1.1474 1.0306 
4.000 1.875 4.10 3.70 140.0 133.0 1.1075 1.0521 
+. 500 1.375 3.70 оо 1-9 0,21 1.0592 
5.220 0.875 3.70 3.65 7153.0 332.1 120321: 1.945) 
5.500 0.375 3.60 3.065 |131.2 152.1 1.0318 1.0450 
6.000 0.125 3.85 2905 395.1 152.1 1.0733 1.0450 
6.500 0.625 4.00 3.80 138.3 134.8 1.0949 1.0663 
7.000 1.125 4.30 3.90 143.4 136.6 14143 1.0802 
7.5)9 1.625 4.60 4.00 148.3 138.3 1.1732 1.0940 
8.000 2.125 5.00 3.70 154.6 133.0 шега 1:0521 
8.500 2.625 5.40 3.40 160.7 127.5 1.2711 1.0086 
9.209 3.125 5.69 3:90 163:6 119.8 1,2944 0.9474 
9.500 3.625 5.40 2.50 160.7 109.3 р. 2111 09.9645 
10.000 +.125 4.80 2.10 151.5 100.2 1.1984 0.7927 
19.509 4.625 4.10 1.90 140.0 93 1.1276 0.7549 
112000 5.125 3.30 1.80 І25:6 92.8 0.9936 0.7339 
11.500 5.625 2.60 1.40 111.5 81.8 0.8820 0.6472 
lli. 750 5.815 2.00 1.20 97.8 TSB 041736: 9:9992 


INTEGRATED FLOW RATE 


AVERAGE VELOCITY = 
PRIMARY FLOW RATE, 


PRIMARY VELOCITY, 


MOMENTUM FACTOR», KM 


(f) 


UP 


ии 


95.20 СШАЕТИСЕС 
6.063 ЕВМИЗЕС 


126243 FT/SEC 


= 36709 LOM/SEC 


= 216.94 FT/SEC 


1.028 


S/D= 1.0; UPT Mach No.= 0.064 


TABLE XII. 


Continued. 
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34.0 


DEG. FAHR 





4 NO 


"IN 
0.0 
0.509 
1.29) 
1.500 
2.000 
2.539 
3.000 
3.500 
4.00) 
4.500 
5.000 
5.500 
6. 000 
6.590 
7.000 
7.500 
8.000 
3.500 
9.000 
9.500 

10.000 
19.599 
11.000 
11.500 
El, 150 


TABLE XIII. 


DATA TAKEN ON 4 AUGUST 1977 BY MIKE MFSS 

ZZLUE: S/D=-.25:; L/D= 2.0; WITH TRANSU'TONS MACH NO. = 
AMBIENT PRESSURE = 29.840 IN.HG^, TEMPERATURE = 
PRIMARY (UPTAKE) TEMPERATURE = 112.0 ОЕС.РАНК 

е ты AME (n VA/VAV VB/VAV 
5.875 1.70 2.05 89.4 15.3 9.8278 0.1429 
5.375 2.50 9.10 108.4 21.7 1.0039 0.2008 
4.815 4.10 ШЕКЕР 1358.9 26.6 1.2856 0.2459 
4.375 5.90 0.30 166.6 37.5 1.5422 0.3478 
3.875 8.00 9.60 194.0 53.1 1.7958 0.4918 
3.375 8.89 1.39 203.5 78.2 1.835 027239 
2.875 8.20 2-10 196.4 99.4 1.8181 0.9201 
2.375 6.60 2.80 176.2 114.8 1.6311 1.0624 
1.875 4.30 3:20 13865043 122.7 13919 0121358 
1.375 3.80 3.00 153.7 1188 Куго 1.0597 
0.875 3.00 2.50 118.8 108.+ 0997 1.0039 
0.375 2.50 2.30 108.4 104.0 150039 0490629 
0.125 2.30 2.40 104.0 106.3 0.9629 0.9836 
9.625 2.10 2.20 95.4 108.4 0.9201 1.0039 
1.125 2.40 2.50 106.3 108.4 0.9836 1.0039 
1.625 3.20 2.40 122.7 106.3 191359. 0598656 
2.125 4.30 2:895 142.2 115.8 1.3166 1.3119 
2 | 6 25 6.25 3.10 171.5 120.8 SS SS 
3.125 8.25 2.10 197.0 112.7 1.8231 1.0433 
3.625 9.00 2.00 205.8 97.0 1.9048 0.8979 
4.125 8.00 1.20 194.0 75.11 157955 0:6955 
4.625 5.49 9.50 159.4 48.5 1.4754 0.4490 
54125 3.30 0.10 124.6 21.7 1.1534 0.2008 
5.625 2.10 0.05 99.4 1523 0.9201 0.1520 
5.875 2.00 2.92 37.0 9. T 9.8979 0.3898 
INTEGRATED FLOW RATE Sioa GIFs SEC 


"oM 


AVERAGE VELOCITY = 


5.758 LBM/S 
103202 FASES 


/ 
= 


S 
E 


PRIMARY FLOW RATE, WP = 3.742 LBM/SFEC 
PRIMARY VELOCITY, DP = 215.49 FT/5FC 
MOMENTUM FACTOR, KM = 1.197 


(a) 


S/D= -0.25; UPT Mach No.= 0.064 


With an Entrance Transition 


E 


063 


74.0 DEG. FAHR 


Tabulated Velocity Profile Data for L/D= 2 





DATA TAKEN ON 4 AUGUST 1977 


BY MIKE 48055 


4 NOZZLE: S/D= 0.03 L/D= 2.03 WITH TRANSITIONS MACH NO. = .0€3 
AMBIENT PRESSURE = 29.840 IN.HGA, TEMPERATURE = 74.0 DEG. FAHR 
PRIMARY (UPTAKE) TEMPERATURE = 111.5 DEG. FAHR 
X k PTA PTB VÀ VB VA/VAV VB/VAV 
INCHES IN. H29 ЕТ/ЗЕС 

0.0 5.875 1.30 0.19 18.2 21 «7 0.6818 0.1891 
0.200 5215 Гето 0.10 89. + 2141 0.7797 0.1891 
1.000 4.875 2.60 0.20 110.6 Soc 0.9642 0.2674 
1.500 4.375 4.20 0.50 140.5 48.5 1.2255 0.4223 
2-000 3.875 6.60 0.9)" 176.2 65.0 159290 055673 
2.5008 3.375 7.80 1.80 191.5 92.0 l-6701 0.8023 
3.000 2.875 8.20 2.50 196.3 108.4% le 7123 2079455 
3.599 2.375 7.30 3.40 1985.3 1265 1.6156 1.1026 
4.000 1.875 5.80 3.90 165.1 1355-5 1.4401 1.1809 
4.500 1.375 4.50 БАВИ 45,5 7313129 1.2685 1.1502 
5.000 0.875 3.70 2-97 131.9 139.1 1.1592 1.1348 
5.500 0.375 3.00 3.00 118.8 118.8 ‚1.0351, 1.0357 
6.009 0.125 2.80 2.80 114.7 114.7 1.0906 1.0006 
6.500 0.625 2.60 2.80 110.6 114.7 0.9652 1.0005 
7.000 1.125 2.80 2.90  ]134s7 ТТЕ. 8 1.0006 1.0183 
7.509 1.625 2.89 2.90 113.7 115.8 19996 13183 
8.000 2.125 3.50 3.20 128.3 122.7 1.1187 1.0697 
8.500 2.625 4.60 3.40 147-1 126. + Lo2s25 121026 
9.099 32125 6.40 3.40 173.5 126.4 1.5123 71.1928 
9.500 3.625 7.90 ЗО Зоог Е.В 1.6807 1.0183 
13.000 4.125 8.20 2210 9196.3 99.4 1. 1125 0.8665 
10.500 4.625 6.80 1.30 178.8 1852 142393 . 0.6818 
11.000 5.125 4.70 0.80 148.7 61.3 1.2966 0.5348 
11.500 5.625 3.30 2252 124.6 48.5 1.9863 0.4228 
ive 5815 2.90 0.30 116.8 37.6 130193. 0.2275 

INTEGRATED FLOW RATE = 86.35 CU.F EC 

= 6.147 LAM/ 
AVERAGE VELOCITY = 114.67 F,/SEL 


PRIMARY FLOW RATE, 
PRIMARY VELOCITY. 
MOMENTUM FACTOR, 


WP = 
UP = 
KM = 


(b) 
TABLE XIII. 
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Continued. 


34492 UBM SSEC 
ЭЭ ЕЕС 
1.13 


S/D= 0.0; UPT Mach No.= 0.064 





DATA TAKEN ON 4 AUGUST 1977 BY MTKE MOSS 
+ NOZZLE; 5/0= .25; L/D= 2.03 WITH TPANSITTUN; MACH NO. = .063 
AMRIENT PRESSURE = 29.929 IN.HGA, TEMPERATUPE = 68.0 DEG.FÄHR 


PRIMARY (UPTAKE) TEMPERATURE = 110.5 DFG.FAHR 
X R PTA РТВ МА vB МЕ/УДМ  VR/VAV 
INCHES iN.H20 FT/SEC 
0.0 5.875 3.00 0.80 118.3 61.1 0.9971 0.5149 
9.539 5.375 4.20 0.95 136.6 66.6 1.1514 0.5611 
1.000 4.875 5.40 0158.7 (729 1.3378 0.6564 
1.500 4.375 6.85 1.90 178.7 94.1 1.5067 0.7935 
2.000 3.875 17.30 2.40 184.5 105.8 1.5554 9.8919 
2.500 3.375 7.00 3.39 180.7 124.0 1.5231 1.0458 
3.290 2.875 6.10 3.90 168.6 134.8 1.4219 1.1369 
3.500 2.375 5.20 5.10 155.7 138.3 1.3128 1.1657 
4.000 1.875 4.50 4.10 144.8 138.2 4212 “121651 
4.50) 1.375 3.99 3.72 134.8 131.3 1.1369 1.1074 
БИР ПВ 9.50 3.35 127.7 125.0 1-0770 1.0537 
5.500" 0.315 3.30 3.20 124.0 122.1 1.0458 1.0298 
СООО 0.125, 3.20 Зара 22.1 1.0298 1.0298 
6.500 0.€25 3.35 3.45 125.0 126.8 1.0537 1.0693 
7.000 1.125 3.80 ВВОЗ. 133.1 151222 55150222 
ТОБОО 1.625 5270 4.10 168.0 138.3 1-2401 1:1657 
ВОО. 125: 5.90 4500 1655.9 136.6 1.3984 1.1514 
8.50) 2.625 СЕОБИ 58-500 18123 127,7 1.5286 1.0770 
9.000 3.125 17.50 3.00 187.0 118.3 1.5766 0.9971 
9.500 3.625 6.70 2.10 176.7 99.0 1.4901 0.8343 
19.900 4.125 5.00 1539715217 77.9 1.2873 0.6564 
10.500 4.€25 ВОЛО “0200 12221 59.1 1.0298 0.4986 
[1.000 5.125 2.10 0.50 99.0 48.3 0.8343 0.4071 
ІІ. 50)! 5:625 1.50 0.30 83.6 37.2 9.9.153 
[1.1750 5.875 1520 0:20 74.8 30.5 0.6306 0.2575 
INTEGRATED FLOW RATE = 89.31 CU.FT/SEC 
= CS2 L3M/ EC 


AVERAGE VELOCITY = 118.61 ЕТ/ЗЕС 
PRIMARY FLOW RATE, WP = 3.751 LBM/SEC 
BRIMARY VELOCITY, UP = 214.76 FT/SEC 
MOMENTUM FACTOR», КМ = 1121 


(c) S/D= 0.25; UPT Mach No.= 0.064 


TABLE XIII. Continued. 
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DACA TAKEN ON] 3° AUGUST 1977 SY MIKE MASS 
4 NOZZLE: S/D= 5; L/D= 2.03 WITH TRANSITTON; MACH NO. = .963 
AMBIENT PRESSURE = 29.910 IN.HGA, TEMPERATURE = 86.9 DEG.FAHR 
PRIMARY (UPTAKE) TEMPERATURE = 122.5 DEG. FAHR 
X R PTA РТВ МА VB VA/VAV  VB/VAV 
INCHES I N. H20 FT/SEC 
0.0 2.875 2.50 1.39 109.4 18,9 С.8777 0.6329 
0.500 5.375 3.30 1.60 125.7 87.5 1.0084 0.7022 
1.000 4.875 4.30 {1.85 143.5 94.1 ГЕТО 0.7551 
1.590 4.375 5.40 2.2) 160.8 142.6 1.2903) 0.8234 
2.090 3.875 6.25 22807 2173>0 15.8 1.3878 0.9289 
205007 3,375 6.40 3.40 175.0 127.6 1.4044 1.0236 
3.000 2.875 6.10 4.10 170.9 140.1 1.3711 1.1249 
34900 2.315 5.60 +.30 163.7 143.5 E ЕЕ 
4.009 1.875 5.150 4.4) 156.3 145.1 1.2537 1.1644 
4.200. 1.375 4.65 4.40 149.2 145.1 1.1971 1.1644 
5.000 0.875 4.30 +.30 143.5 143.5 1.1511 1.1511 
2-1 705275 4.10 4.39 140.1 142.5 11283. 1.1211 
6.000 0.125 4.10 4.40 140-1 145.1 1.1240 1.1644 
6.200 0.625 +.20 4.60 141.8 148.4 1.1377. 1:1906 
7.000 1.125 4.50 4.80 146.3 151.6 1.1776 1.2162 
ДОО 1.625 4.95 280 2153.9 151.6 192551. 12162 
8.099 2.125 5.60 4.4) 163.7 145.1 1.3137 1.1644 
8.500 2.625 6.15 Sung c 171.6 133.1 1.3767 1.0678 
3.000 3.125 6.50 2.90 176.4 117.8 1.4153 0.9453 
932037733625 6.39 ІМ 173.7 100.3 1.3934 0.8045 
10.000 4.125 5.30 1.40 159.3 81.9 1.2780 0.6563 
10.500 4.625 4.10 1.00 140.1 69. 2 1.12&0 0:5551 
172000 5.10125 3.15 9.70 122.8 57.9 0.9853 0.4645 
19-2201) 75:625 2.30 0.50 104.9 48.9 0.8419 0.3925 
11.750 5.875 2.10 0.40 100.3 43.8 0.8045 0.3511 
INTEGRATED FLOW RATE = 93.85 CU.FT/SFC 
207161562 UBM/ SEC 


AVERAGE VELOCITY 


124.64 FT/SEC 


PRIMARY FLOW RATE, WP = 3.707 LBM/SEC 
PRIMARY VELOCITY, UP = 216.81 FT/SEC 
MOMENTUM FACTOR, Ki = 1.065 


(4) 


ЕСЕ ВЕ 


S/D= 0.50; UPT Mach No.= 0.064 


Continued. 
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APPENDIX A 


FORMULAE 


Presented here are the formulae used to obtain the primary 
and secondary mass flow rates. According to the ASME Power 
Test Code [6], the general equation for mass flow rate 


appearing in equation (a) 
0.5 
W (lm see) = (0.12705) K A Y Е [р АР] (а) 


may be used with flow nozzles and square edge orifices 

provided the flow is subsonic. In the above equation, 

K (dimensionless) represents the flow coefficient for the 

metering device and is defined as K=C (1 - коа 

where C is the coefficient of discharge and Rf is the ratio 

of throat to inlet diameters; A (in^) Jerrie total cross 

sectional area of the metering device; Y (dimensionless) 

is the expansion factor for the flow; b (dimensionless) 

is the area thermal-expansion factor; p (1bm/£ft?) is the flow 

mass density; and AP (inches H40) is the differential pressure 

across the metering device. Each of these quantities are 

evaluated, according to the guidelines set forth in Reference 

[6], for the specific type of flow measuring device used. 
Using a square edge orifice for measurement of the 

primary mass flow rate, the quantities in equation (a) 


are defined as follows: 
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The flow coefficient K is 0.62 based on a B of 0.502 
and a constant coefficient of discharge over the 
range of flows considered of 0.60. 

The orifice area 15 37.4145 in’, 

Corresponding to the range of pressure ratios 
encountered across the orifice, the expansion 

ас вот 0.98. 

Since the temperature of the metered air is nearly 
ambient temperature, the thermal expansion factor 
is essentially 1.0. 

The primary air mass density Por is calculated 


using the perfect gas relationship with pressure 


and temperature evaluated upstream of the orifice. 


Substituting these values into equation (a) yields 


W, (lbm/sec) = (2.8882) Por Ро: | (b) 


The secondary mass flow rate is measured using long 


radius flow nozzles for which case the quantities in 


equation 


ЩЕ 


(а) Бесопе: 
For a flow nozzle installed in a plenum, 8 15 
approximately zero in which case the flow coeffi- 
Cient is approximately equal to the coefficient 
of discharge. For the range of secondary flows 
encountered, the flow coefficient becomes 0.98. 
A is the sum of the throat areas of the flow 


nozzles in use. 
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Since the pressure ratios across the flow nozzles 
are very close to unity, the expansion coefficient 
7 1521.0. 

Since the temperature of the metered air is nearly 
ambient temperature, the thermal expansion factor 
is essentially 1.0. 

The secondary air mass density Ов is evaluated 
using the perfect gas relationship at ambient 


Condicions. 


Substituting these values into equation (a) yields the 


equation for the secondary mass flow rate measured using 


Шеше radius flow nozzles. 


Um 


ШЕ (1bm/sec) = (0.13451) A р АР. | (c) 
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APPENDIX B 


CALCULATION OF THE MOMENTUM CORRECTION FACTOR 


The momentum correction factor is defined as the ratio 
of the actual momentum rate to the pseudo-rate based on 
the bulk-average velocity. Defining the actual momentum 
as that obtained by integrating over the velocity surface, 


the momentum correction factor may be written as 





The density of the air at the mixing stack exit о, is a 
weighted average of the densities of the primary and 
secondary air flows. Assuming a secondary to primary mass 
Flow ratio of 0.65, which is consistent with experimental 


results, 1s expressed as 


Do 


Ос Ts 
ПЕ a r E = 


Using this average density of the mixed flow, the mass 


flow rate leaving the mixing stack may be expressed as 


where A has units of ЕЕ”. Combining equations (4) and (b) 


results in an equation for the momentum correction factor 
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in terms of the experimentally determined mixing stack exit 


velocity profiles, 


Figure 44 illustrates the orientation of the two velocity 


traverses. 


uM 
Ø 


FIGURE 44. Orientation of Mixing Stack 
Exit Velocity Traverses 


To integrate the mixing stack exit velocity over the three- 
dimensional velocity surface using only the two traverses 
requires making some approximations: 
1.  Traverses A and B represent the maximum and minimum 
values of the velocity surface respectively. 
2. The three-dimensional velocity surface is symmetrical, 
i.e. a velocity traverse passing above the other 
two primary nozzles, perpendicular to traverse A, 
is equal to that of traverse A and likewise for 


traverse B. 
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3. The circumferential variation of the velocity 

surface is sinusoidal with the maximum and 

minimum values at a given radius occurring 

at traverses A and B respectively. 
The velocity traverse obtained experimentally consists of 
discrete points rather than a continuous curve. Each of 
these point values of velocity is representative of a 
radial element of the velocity traverse of length equal to 
the spacing between successive points. The procedure is 
to fit a circumferential sinusoidal curve through the 
maximum and minimum velocities of traverses A and B 
respectively. Then treat this circumferential band as 
representing a segment of the velocity surface of incremental 
width dr equal to the spacing between the data points and 
integrate circumferentially over successive radial elements. 
Completion of the integration yields the actual momentum 


of the mixed gases leaving the exit of the mixing stack. 
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APPENDIX C 


UNCERTAINTY ANALYSIS 


The determination of the uncertainties in the experi- 
mentally determined pressure coefficients, pumping coeffi- 
cients and velocity profiles was made using the method 
described by Kline and McClintock [17]. The uncertainties 
obtained by Ellin [1] using the second order equation 
Suggested by Kline and McClintock [17] are all applicable 
to the experimental work reported herein and are summarized 


in the following table. 


TABLE XIV 
UNCERTAINTY IN MEASURED VALUES 


о 

Т. > уок 
T Ел ек 
р 
p í 0.01 psia 
AP SD eet H,O 
Py tO A n H,O 
P 020957107. ЕО 
u 2 
АР. (т) 50201: ri H,O 
P ROZ OL УНЕО 
ФЕ 2 
ДР що а. НО 

or 2 
T I OR 

or 
Та ИЕ 
РТ (ТТ) * .1 1п. Н.0 
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UNCERTAINTY IN CALCULATED VALUES 


ARE 





= 1.9 2 
wes 44 пле 
Wav 2.5 2 


(T) The pressure differential across the secondary 
flow nozzles, AP_, is the major source of 
Ongertainty in the pumping coefficient. 


(tt) The measurement of the total pressure for the 


velocity profile is the major source of 
uncertainty in the velocity calculation 
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